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ABSTRACT 
Aero-engine icing is widely recognized as a significant hazard to aviation safety in 
cold weather. During flights, upon the impingement of small, super-cooled, airborne water 
droplets in clouds, ice accretion would occur on the exposed surfaces of aero-engines, such 
as inlet lips, spinners, fan rotor blades, and inlet guide vanes. Ice formation on such 
components can significantly degrade the performance of aero-engines. The ice accretion 
over the fan blades and spinner surface can also result in an imbalance rotation of the rotor 
to cause serious mechanical vibrations. Furthermore, the ice shedding from these surfaces 
may cause damages to the fan rotor and components behind the fan, even be sucked into 
the core engine resulting in a severe stall, surge, or flameout. 
By using the Icing Research Tunnel of Iowa State University (i.e., ISU-IRT), a 
series of experimental studies were conducted to investigate the dynamic ice accretion 
process on the surface of an aero-engine spinner-fan model and to explore the feasibility 
of different anti-/de-icing technologies. At first, the dynamic ice accretion process on three 
different kinds of aero-engine spinners (i.e., conical, coniptical and elliptical) was 
examined. The trajectories and impingement characteristics of super-cooled water droplets 
were characterized by using a digital Particle Image Velocimetry (PIV) system. An infrared 
(IR) thermal imaging system was also used to quantify the unsteady heat transfer process 
over the surface of the aero-engine spinner models under different icing conditions. The 
transient ice accretion process over the rotating fan blades of an aero-engine fan model and 
the effects of ice accretion on the aerodynamic performance of the fan unit model were 
investigated. An explorative study was also conducted to use a bio-inspired super-
hydrophobic coating for aero-engine icing mitigation. Finally, the anti-/de-icing 
xiv 
performance of a hot-air circulating system for an engine inlet guide vane (IGV) was also 
evaluated under different icing conditions.  
The findings derived from the present study will provide a better understanding 
about aero-engine icing phenomena, which will lead to more effective and robust anti-/de-
icing strategies to ensure safer and more efficient operation of an aero-engine in cold 
weather. 
 
1 
CHAPTER 1.    GENERAL INTRODUCTION 
1.1 Background and Motivation 
1.1.1 Aero-engine Icing Hazards and Classification 
Aero-engine icing has been widely recognized as a significant hazard to aviation safety 
and it is a cumulative hazard [1]. The ice accretion over the components of an aero-engine like 
inlet lips, spinner, fan blades, inlet guide vanes (IGV) and even the compressors can 
significantly degrade the operational performance of an aero-engine. Moreover, the ice 
shedding from these components cause mechanical damage inside the aero-engine, or even be 
sucked into the core of the aero-engine (e.g. high-pressure compressors or combustion 
chamber), which would cause a severe stall, surge or flameout [2].  
Generally, aero-engine icing is classified into two categories based on the icing 
mechanism and its influence area of an aero-engine. These two types of icing issues include 
super-cooled water droplet icing [3] and ice particle icing [4], respectively.  
On one hand, according to the definition from World Meteorological Organization 
(WMO), super-cooled water droplets are the water droplets (e.g., drizzle, rain etc.) which exist 
in liquid state at temperatures below 0°C [5]. These drops may freeze on impact with the 
ground, in-flight aircraft or other objects. Basically, these super-cooled water droplets 
suspended in the clouds are in an unstable liquid state. When the an aircraft/aero-engine flies 
through these clouds with super-cooled liquid, the icing forms by the direct impinging and 
freezing of the super-cooled water droplets on the exposed surfaces of the aero-engine [1,6–
14]. These surfaces are always cold surfaces due to the direct interaction with incoming cold 
air flow. 
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On the other hand, ice particle icing generally occurs at a warmer environment like 
tropical latitudes where convective weather systems exist [4,15]. The form of these ice particles 
includes ice crystals, snowflakes, graupel, and hail etc. [16]. The size of these particles varies 
largely from microns to centimeters. In addition, the frozen ice crystals impinge on the warm 
surfaces of the aero-engine (e.g., low pressure compressor rotors and stators), then some of 
these crystals are melted to form a mixed phase condition that can cool down the surfaces 
below 0°C. After that, with continued ice crystals impact, the ice begins to form on these cooled 
surfaces.  
Figure 1.1 demonstrates the influencing areas of super-cooled water droplets icing and 
ice particles icing on the aero-engine [4]. 
Since the mechanisms of these two icing issues are different and the limitation of 
present research capability, the present research objective is focused on super-cooled water 
droplet icing. Several research studies about ice particle icing can refer to these references [17–
25]. 
 
 
Figure 1.1 The schematic of potential ice accretion area in a typical turbofan engine. [4] 
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1.1.2 Literature Review 
1.1.2.1 Icing styles 
For the super-cooled water droplet icing, there are mainly three types of ice 
accumulation that occur on an aircraft or aero-engine including clear/glaze, rime, and 
mixed/intermediate ice [3]. Figure 1.2 shows the typical features of these ice styles. 
 
 
Figure 1.2 The ice styles of inflight icing. 
 
For the glaze ice, it is a clear and hard ice, which forms at temperatures close to (but 
below) freezing point, coupled with high liquid water content and large droplet sizes. Since the 
impacted droplets do not freeze immediately, water runback forms on the surface. Glaze ice 
typically has a non-aerodynamic shape, a lower freezing fraction and lower adhesive 
properties. Glaze ice causes more dangerous issues for the aircraft or the aero-engine and it is 
difficult to accurately predict. 
4 
Rime ice is a milky and white ice, which forms at low temperatures, low liquid water 
content and small droplet sizes. Rime ice typically matches the aerodynamic shape of both 
rotating and static engine components. The freezing fraction of the rime ice is much higher 
than the glaze ice, which typically approaches a value of 1.0. The adhesion properties of rime 
ice typically greater than glaze ice but often with a lower density [26,27]. 
Mixed ice is a combination of glaze and rime ice which forms with rime patches slightly 
aft of the glaze ice portions. This ice forms at the middle of the range of temperatures, liquid 
water content, and droplets sizes that produce rime and glaze ice. It is hard to quantitatively 
define this mixed ice style.  
1.1.2.2 Aero-engine icing study 
In order to better understand the icing mechanism and develop more effective and 
robust anti-/de-icing strategies that ensure safer and more efficient operation of an aero-engine 
in hazardous cold weather, a lot of efforts have been devoted by various institutions and 
researchers. 
As early as the 1940s, the researchers started to notice the aircraft/aero-engine icing 
phenomena by flight test and also investigated the meteorological conditions associated with 
aircraft icing in an icing research tunnel [28]. Figure 1.3 shows the ice accretion over the engine 
inlet duct and spinner for B-58 airplane tested in NASA Glenn Research Center’s Icing 
Research Tunnel. From the 1950s to 1990s, the studies about aero-engine icing grew gradually. 
Pfeifer and Maier summarize the power-plant icing technical data and information in order to 
provide a technical reference document for aircraft power-plant design engineers and enhance 
FAA technical library of aero-engine design and verification [29]. 
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Figure 1.3 The ice accretion over the engine inlet duct and spinner for B-58 airplane. [30] 
 
In addition, the trajectory characteristics of water droplets ingested by the engine inlet 
were investigated by theoretical prediction, which also developed some general concepts of 
water ingestion in engine inlets [6]. Based on this pioneering work, the investigation about 
water droplet trajectories and impingement characteristics on the three-dimensional body were 
conducted by Kim [31] and Papadakis et al. [32–34].  
With the development of numerical methods, the numerical simulation about aero-
engine icing started to increase since 2000.  Das and Hamed et al. conducted three-dimensional 
numerical simulations to investigate the super-cooled water droplet trajectories through aero-
engine rotating machinery and its effect on fan-rotor ice accretion and ice shape prediction 
[35–38]. Meanwhile, an icing simulation on a cascade of stator blades [39], an icing influence 
on engine performance [40] and an icing analysis of the NASA E3 turbofan engine based on 
LEWICE code [41] were investigated, respectively. 
Other than that, experimental investigation method like icing research tunnel is widely 
used to evaluate the icing physics of aero-engine icing. Hu and Wang et al. used icing wind 
tunnel to investigate the ice accretion and ice shedding process on a rotating spinner [7,8]. 
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Dong et al. also conducted both numerical and experimental studies about the icing 
characteristics of a nonrotating cone, rotor blades and different inlet guide vanes [42–46]. 
However, more transient details are desired for the better understanding of the icing process 
over the rotating aero-engine components. 
1.1.2.3 Development of anti-/de-icing technology on aero-engines 
In order to reduce or eliminate the icing influence on aero-engines, some anti-/de-icing 
measures have been developed or applied to avoid these potential hazards for flight safety [47–
51]. Traditionally, there are three main kinds of aero-engine anti-/de-icing technology. The 
first one is using hot-air or hot-fluid (e.g., oil or lubricants) to blow and warm up the cold 
surfaces like inlet lips, spinner or inlet guide vanes [12,47]. But this hot-air, typically named 
as “bleeding air”, which is taken from the compressor stages (e.g., high-pressure compressors) 
of the aero-engine, causes the performance degradation of aero-engine compressor and 
requires extra space for the piping coupled with weight increasing. The second anti-/de-icing 
technology is electric heating embedded under the component surface like the inlet lips [12]. 
Although electric heating does save space and reduce the penalty of the aero-engine 
compressor, it increases the electric load that results in a larger electrical generator or more 
sophisticated control systems. The other main ice protection system used on the aero-engine is 
the pneumatic deicing boots, which are mainly installed on turboprop engines [12].  
Except these active anti-/de-icing technology, passive anti-/de-icing technology for 
icing mitigation have been developed by the researchers recently, which include hydrophobic 
surfaces, icephobic materials, carbon nanotubes or slippery liquid-infused porous surfaces [51–
55].  However, few pieces of the literature reveal the application of these passive methods on 
eliminating dynamic ice accretion process of the aero-engine components.  
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1.1.3 Research Motivation 
In summary, the literature review shows several research gaps: 
1) The  effect of spinner’s geometry shape on dynamic ice accretion process and 
super-cooled water droplet impingement characteristics are unknown; 
2) The unsteady heat transfer process behind these complex icing phenomena on 
the rotating spinner is not understood well; 
3) The dynamic ice accretion process over the fan blades and the icing influence 
on the aerodynamic performance of the aero-engine will provide more insights 
pertinent to the ice accumulation on rotational turbomachinery; 
4) The feasibility and limitation of applying passive anti-icing coating on the 
rotating aero-engine components are highly desirable; 
5) The experimental measurement data of inlet guide vane icing and evaluation of 
the anti-/de-icing performance of the hot-air cycling system are strongly desired 
to provide validation data for icing mitigation modeling and optimization of ice 
protection system of an aero-engine. 
In order to fill the gaps described above, the objectives of the present study are listed 
as follows: 
1) Developing an aero-engine fan test rig in Iowa State University Icing Research 
Tunnel (ISU-IRT) to evaluate the dynamic transient ice accretion process on 
three typical types of spinners under different ice conditions. And quantifying 
the trajectories and impingement characteristics of super-cooled water droplet 
on these spinners to better understand the mechanism of spinner icing; 
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2) Applying time-resolved infrared imaging system to investigate the unsteady 
heat transfer process behind the complex icing phenomena on those rotational 
aero-engine spinners; 
3) Investigating the ice accretion process over the aero-engine fan blades and the 
icing influence on the performance of the aero-engine fan unit; 
4) Assessing the feasibility of a bio-inspired super-hydrophobic coating for 
rotating aero-engine fan icing mitigation; 
5) Constructing an electric-heating hot-air circulating system in ISU-IRT and 
evaluating its anti-/de-icing performance for an inlet guide vane of aero-engine. 
 
 
1.2 Outline of Thesis 
The dissertation includes seven chapters in total. A general introduction (Chapter 1) is 
given at the beginning, and a general conclusion is provided as the last chapter of the 
dissertation (Chapter 7). 
Chapter 2 describes the development of an aero-engine fan icing test rig in ISU-IRT, 
which was used as the platform for the investigation of dynamic ice accretion over aero-engine 
fan spinners. The icing features under typical glaze and rime ice conditions were visualized 
and quantified. The super-cooled water droplet impingement characteristics bead on droplet 
trajectories measurement and the icing influence on the flow field around the spinners were 
also discussed in detail. 
Chapter 3 presents an instant heat balance model during ice accretion process on a 
spinner model. The time-resolved surface temperature distribution maps on three kinds of 
typical aero-engine spinner models with elliptical, conical and coniptical shapes were 
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illustrated by infrared thermography. The influence of geometry shape of spinners on dynamic 
icing and heat transfer process was discussed as well. 
Chapter 4 demonstrates an experimental study of the ice accretion over a rotating aero-
engine fan model and its influence on the performance of the aero-engine fan unit. The icing 
process on the fan blades and spinner under different liquid water content and incoming flow 
temperature conditions were recorded by “Phase-locked” high-speed imaging technique. The 
corresponding change of aerodynamic performance and power consumption were quantified 
by the change of pressure difference across the rotor and the variation of input power used to 
drive the motor.  
Chapter 5 presents an explorative study of the utilization of a bio-inspired super-
hydrophobic coating for aero-engine icing mitigation. The ice accretion process over the 
rotating aero-engine fan model with hydrophilic and super-hydrophobic coatings were 
demonstrated by time-resolved high-speed imaging and the feasibility of anti-icing 
performance of this bio-inspired super-hydrophobic coating was analyzed as well.  
Chapter 6 describes the development of an electric heating hot-air anti-/de-icing system 
for inlet guide vane in ISU-IRT. A simplified energy transfer model for anti-icing process was 
developed at first. Then the anti-icing process for a NACA 0012 shape inlet guide vane model 
with hot-air cycling was evaluated with high-speed imaging system and temperature 
measurement technique. The effect of the hot-air temperature and mass flow rate on the anti-
icing performance were also investigated. 
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CHAPTER 2.    AN EXPERIMENTAL STUDY OF DYNAMIC ICE ACCRETION 
PROCESS ON AERO-ENGINE SPINNERS 
2.1 Introduction 
Aero-engine icing has been widely recognized as a significant hazard to aviation safety 
in cold weather. When aircraft encounter small, super-cooled, airborne water droplets in 
clouds, aero-engine icing would occur due to the direct impinging and freezing of the super-
cooled water droplets onto the exposed surfaces of aero-engines, such as inlet lips, spinner and 
fan rotor blades. Ice formation on such components can significantly degrade the operational 
performance of aero-engines. Although noticeable research progress has been made since the 
1940s [2], aero-engine icing remains an important unsolved problem that threatens aviation 
safety. More comprehensive studies are highly desirable to provide a better understanding of 
aero-engine icing phenomena, which would lead to tailoring more effective and robust anti-
/de-icing strategies that ensure safer and more efficient operation of aero-engines in hazardous 
cold weather.  
Comparing with other components of an aero-engine, the spinner is very susceptible to 
ice accretion due to its relatively lower rotating speed and larger surface area. After super-
cooled water droplets impinge onto a rotating aero-engine spinner, ice layers can easily form 
on the spinner surface and may grow into irregular ice structures due to the combined effects 
of the rotational motion of the spinner and the aerodynamic shear force. Over the past years, a 
number of investigations have been conducted to study the ice accretion phenomena on aero-
engines. As described by Bidwell et al. [3], water droplets with larger size would result in a 
faster ice accretion rate on the spinner and fan of an Energy Efficient Engine (E3). Dong et al. 
[4] conducted a numerical study to investigate the ice accretion on a rotating aero-engine 
spinner. They found that the rotating speed of the spinner has only a slight effect on the final 
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ice shape, while the free stream temperature could significantly affect the thickness of ice 
layers accreted over the spinner. Wang et al. [5] studied the ice accretion and shedding on a 
rotating spinner in an icing wind tunnel, in which a mixture of different types of ice accretion 
(i.e., glaze ice and ‘feather’ shaped rime ice) was observed on the surface of the spinner.  
While most of the previous studies focused on ice shape predictions of aero-engine 
spinners, few literature to address the effect of spinner geometry on the dynamics of ice 
accretion and the resultant aerodynamic performance of engines. Nowadays, three different 
shapes of spinners, i.e., elliptical, conical and coniptical, are widely used in aero-engines. As 
described in Linke-Diesinger [1], elliptical spinners are suggested to be easier to get ice 
accumulated at lower humidity levels in comparison to other spinner geometries, although a 
better aerodynamic efficiency is usually found for the elliptical spinners. On the other hand, 
conical spinners are usually observed to have ice accretion only at relatively higher humidity 
levels. The aerodynamic efficiency of the conical spinners, however, is not as high as that of 
the elliptical spinners. Hu et al. [9] investigated the effect of spinner angle on the ice accretion 
process over a rotating conical spinner and the results demonstrated that the tip angle of the 
spinner would significantly affect the ice accretion process over the spinner. In order to 
improve our understanding about the underlying physics pertinent to dynamic ice accretion 
over differently shaped spinners of aero-engines, quantitative measurements to characterize 
the dynamic ice accreting process, the resultant aerodynamic degradation induced by the ice 
accretion, and super-cooled water droplets impingement characteristics are highly desirable. 
A comprehensive experimental investigation was conducted in the present study to 
examine the dynamic ice accretion process over the surfaces of three kinds of typical aero-
engine spinners with the elliptical, conical and coniptical shapes. The experiments were 
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performed in an icing research tunnel available at Iowa State University (i.e., ISU-IRT) with a 
scaled aero-engine spinner-fan unit model operated under different icing conditions (i.e., rime 
vs. glaze). In addition to recording the transient water runback and dynamic ice accretion 
process over the surfaces of the rotating spinners by using a high-speed imaging system, and 
the icing influence on the flow field around the spinner was also characterized by using a 
particle image velocimetry (PIV) system. Based on the time sequences of the acquired snapshot 
images, the important microphysical process pertinent to the aero-engine icing phenomena, 
i.e., impinging dynamics of super-cooled water droplets onto the spinner surfaces, dynamic ice 
formation and accretion over different shaped spinners, and transient behavior of the surface 
water run-back over the surfaces the spinners, were revealed in great detail. The time 
evolutions of the profiles of the ice accretion over these differently shaped spinners and the 
corresponding ice thickness/mass accreted over the spinner surfaces under a rime ice condition 
were also extracted quantitatively. The measured ice accretion profiles were correlated with 
the quantification of the super-water droplets impingement characteristics.  
 
2.2 Water Droplets Impingement Characteristics 
The ice accretion over an airfoil/wing or an aero-engine body is highly dependent on 
the super-cooled water droplets impingement characteristics. It is very important to determine 
where and how much the super-cooled water droplets are deposited on the surface of an aircraft 
or an aero-engine [3]. The water droplets motion equation and impingement parameters used 
in this study were based on the work originally done by Papadakis et al. [32] which will be 
discussed in this following section. 
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2.2.1 Differential Equation of Particle Trajectory 
Based on the research of Papadakis et al. [32,33,56], it is very important to understand 
the water droplet impingement characteristics by means of examining droplet trajectories. The 
differential equation of a particle trajectory is shown in Equation (2 - 1)  
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The derivation of this Equation (2 - 1) is based on the assumptions shown below: 
1) Single phase air flow about the body, which means the airflow is not disturbed 
by the presence of the water droplets. 
2) Quasi-steady-state approximation, which means at each instant and position the 
steady-stage drag and other forces act on the particle. 
3) The airflow about the body is treated as compressible or incompressible 
potential flow. 
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4) The shape of particles is assumed as spherical. 
5) Viscous flow effects and flow separation are not considered. 
This trajectory equation can be used to clarify the effect of various flow variables and 
body geometries on droplet trajectories. In the flow field around the body, the streamlines 
deviate from their original line paths and flow around the body. Due to the inertia trends, a 
droplet tends to maintain its original straight line path toward the body and the drag force 
imposed by the slip velocity of air with respect to the droplet tends to cause the droplet to 
follow the air streamline around the body. The droplet trajectory is determined by the combined 
effect of inertial and drag force. Based on the particle trajectory with negligible buoyancy and 
gravity forces, the Equation (2 - 1) can be reduced to: 
 ( ) ( )
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The inertia parameter K is the ratio of inertial force to drag force, which is a constant 
in the present study. For the case of small slip velocity where the gradient of the flow field is 
relatively small, the water droplets will tend to follow their original straight lines and directly 
impact with the body. For the case of larger slip velocity where the gradient of the flow field 
is relatively large, the water droplets are easier to directly ahead of the frontal projected area 
of the body, and they will miss the body entirely. 
2.2.2 Impingement Parameters 
Based on the previous study of Papadakis et al. [32],  three major dependent 
impingement parameters are used to evaluate the impingement interaction between water 
droplets and the spinner surface in the present study, which include local impingement 
efficiency β, total impingement efficiency E and impingement limits Θ . All calculation of 
these impingement parameters is based on the assumption that the size of these super-cooled 
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water droplets is uniform. These three parameters are affected by different factors that 
including: free stream velocity, body size, body shape, body orientation with respect to the 
flow direction, air density, air viscosity, droplet size, droplet distribution, and droplet density.  
In the present study, only the body shape and the body orientation with respect to the 
flow direction are changed to investigate the influence of spinner geometry shape (i.e., 
elliptical-shaped, conical-shaped and coniptical-shaped) on water droplet impingement 
characteristics and dynamic ice accretion process.  
2.2.2.1 Local impingement efficiency 
The local impingement efficiency is defined as local droplet flux rate at the body 
surface normalized to the free-stream flux rate. In other words, local impingement efficiency 
is simply the ratio of that infinitesimal free stream area (dA∞) to the corresponding 
impingement area (dAs) on the body surface, which is β= dA∞/ dAs. In the present study, another 
specific definition with physical meaning for the local impingement efficiency is defined 
below: 
 
Amount of water caught on infinitesimal area of the spinner surface 
in a given unit of time
Amount of water which could be caught in that time on that area 
if the trajectories were straight lines para
β =
llel to the free-stream velocity 
direction and if the area was oriented to be perpendicular to the trajectories
 
 
 
  
 
 
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  (2 - 3) 
 
Figure 2.1 demonstrates the calculation of local impingement efficiency for the present 
study.  
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Figure 2.1 The definition of local impingement efficiency for an aero-engine spinner in a cloud of uniform 
droplet size 
 
2.2.2.2 Total impingement efficiency 
The total impingement efficiency E is calculated by integrating the local impingement 
efficiency along the whole spinner surface, which is defined as: 
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The definition of total impingement efficiency E is also shown in Figure 2.2. In the 
present study, since the projected frontal area of the spinners are the same (i.e., 21
4f s
A Dπ=  ), if 
the value of E is larger, that means more water droplets impact onto the spinner surface.  
 
Figure 2.2 The definition of total impingement efficiency and impingement limits for an aero-engine 
spinner in a cloud of uniform droplet size 
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2.2.2.3 Impingement limits 
Figure 2.2 also demonstrates the definition of impingement limits in the present study. 
For the cross-section view of the spinner, which is treated as a 2D profile, the water droplets 
at the ordinate from y=0 to y=y∞, max can fully impinge with the spinner surface. However, there 
is a point P on the spinner surface that the water droplet trajectory will be tangent to the surface 
of the body. In other words, droplets starting at ordinate greater than y∞, max will miss the body 
entirely, so the projected distance from the tip of the spinner to point P along the generatrix 
along Y direction is called the limit of impingement, which is denoted as Sm. The dimensionless 
form of the impingement limit is representing by dividing Sm by the characteristic length L of 
the spinner (e.g., L=1/2 Ds), which is Θ=2Sm/Ds. In addition, though the spinner is an 
axisymmetric 3-dimensional body, the limit of impingement at the positions with the same 
radius are assumed the same and the 2D water droplet trajectories are be used to derive the 
impingement limits for these three types of spinners in the present study. Consequently, if the 
value Θ is equal to 1, that means the whole surface of the spinner is impacted by water droplets. 
If the value Θ is closer to 0, that means less surface area of the spinner experience water 
droplets impingement.  
 
2.3 Experimental Methodology 
2.3.1 Test Model of an Aero-engine Spinner-Fan Unit 
The aero-engine fan model used in the present study was designed based on Boeing 18-
inch fan rig [57] and its design parameters are summarized in Table 2.1. As schematically 
shown in Figure 2.3, three typical geometries of aero-engine spinners were examined. The 
spinner models were made of a hard plastic material (i.e., VeroWhitePlus, RGD835, 
manufactured by Stratasys, Inc.) by using a rapid prototyping machine (i.e., 3D printer) that 
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built the model layer-by-layer with a resolution of about 25 µm. The external surface of the 
test models was further processed with fine sandpapers (i.e., up to 2000 grit) to achieve a very 
smooth, glossy finish. 
 
Table 2.1 Design parameters of the aero-engine fan model 
Fan Diameter, Df (mm) 200 Hub/Tip Ratio 0.402 
Spinner Diameter, Ds (mm) 80 Aspect Ratio 1.65 
Number of Blades, N 18 Tip Max Thickness/Chord 0.025 
Thickness of trailing edge, δ (mm) 0.18 Hub Max Thickness/Chord 0.100 
 
 
 
Figure 2.3 Schematic of three types of spinners and the aero-engine fan model 
 
2.3.2 Experimental Setup 
The experimental study was performed in the ISU-IRT located in the Department of 
Aerospace Engineering of Iowa State University [58]. The ISU-IRT, which was originally 
donated by UTC Aerospace System (formerly Goodrich Corporation), is a newly refurbished 
research-grade multifunctional icing research tunnel. The icing research tunnel has a test 
section of 2.0 m in length × 0.4 m in width × 0.4 m in height. The walls of the test section are 
optically transparent. ISU-IRT has a capacity of generating a maximum wind speed of 60 m/s 
and airflow temperature down to -25°C. The turbulence level of the incoming airflow at the 
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entrance of the test section is found to be about 3.0%, as measured by using a hot-wire 
anemometer. Eight pneumatic atomizing spray nozzles are installed (evenly distributed) at the 
entrance of the contraction to inject micro-sized water droplets (i.e., 10~100 μm in size with 
the MVD being about 20 μm) into the airflow. By adjusting the water flow rate through the 
spray nozzles, the liquid water content (LWC) level in the tunnel can be adjusted as required. 
Thus, the ISU-IRT can be operated over a wide range of icing conditions to duplicate various 
atmospheric icing phenomena (i.e., from relatively dry rime ice to extremely wet glaze ice 
conditions). Figure 2.4 shows the diagram of the experimental setup used in the present study. 
The engine fan model with rotor blades and spinner was installed at the center of the test 
section, and the rotor disk of the fan was set to be normal to the free stream of the oncoming 
airflow. 
 
 
Figure 2.4 Experimental setup to study ice accretion process and water droplet impingement 
characteristics over aero-engine fan spinners. 
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In the present study, a DC power supply (BK PRECISION 1692) was used to power a 
brushless motor (Scorpion, SII-4020-420KV) embedded in the aero-engine spinner-fan unit 
model. A Proportional-Integral-Derivative (PID) feedback control module along with a data 
acquisition system (NI, USB-6218) and LabView platform was used to maintain the rotation 
speed of the spinner-fan unit model at a constant speed during the dynamic ice accreting 
process. During the icing experiments, the rotation speed of the spinner-fan unit was monitored 
by using a digital tachometer (MONARCH PLT200), which can generate a pulsed digital 
signal from each rotation cycle of the tested spinner-fan unit. The generated pulsed signal was 
then sent to a Digital Delay Generator (BNC Model-577) to trig a high-resolution imaging 
system (PCO. Dimax S4 camera with maximum 2016 pixels × 2016 pixels in resolution) to 
achieve “phase-locked” image acquisition to reveal the dynamic ice accretion process over the 
surface of the rotating spinner. A pair of 200 W Studio-LED lights (RPS Studio Light, Model 
RS-5620) were used to provide low-flicker illumination in order to ensure high quality of the 
images acquisition. The applied voltage and the electric current in the electric circuit to drive 
the brushless motor were recorded during the icing experiments, which were used to estimate 
the required input power drive the aero-engine spinner-fan unit rotating at the constant speed. 
2.3.3 Selection of Icing Conditions 
According to the requirement of airworthiness certification, each commercial aircraft 
or aero-engine with an icing protection system must satisfy the strict icing operational 
requirements from 14 CFR Part 25 (Airworthiness Standards:  Transport Category Airplanes) 
or Part 33 (Airworthiness Standards:  Aircraft Engines) [9,59,60]. The in-flight icing 
conditions, which are used to guide ice protection systems design for airframe or aero-engines, 
are defined in 14 CFR Part 25, Appendix C and Appendix O (Super-cooled Large Drop Icing 
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Conditions). As documented in the previous research data, while continuous maximum 
conditions are usually applied to airframe ice protection, intermittent maximum conditions are 
commonly referenced in the ice protection system design for aero-engines [61]. In order to 
simulate a natural atmospheric icing environment, the icing conditions selected in the present 
study are based on the intermittent maximum envelope from the document 14 CFR Part 25 
Appendix C [59].  
It is well known that in-flight ice accretion can be either rime or glaze. When the 
ambient temperature is relatively cold (i.e., typically below -10 °C) and the airflow is dry with 
a lower liquid water content (LWC), super-cooled water droplets would freeze immediately 
upon impact on the aircraft surfaces, forming rime ice. At warmer temperatures, i.e., just below 
the water freezing temperature, if the LWC level in the airflow is relatively high, the impinged 
super-cooled water droplets would freeze partially, with the remaining water mass transporting 
along the surface prior to freezing downstream, forming much complex ice shapes, which is 
called glaze ice.  In the present study, while the speed of the incoming airflow was kept in 
constant at V∞ = 15 m/s during the icing experiments, both the scenarios with rime and glaze 
ice accretion over the surfaces of the spinner models were investigated by changing the 
temperature and LWC levels of the incoming airflow in the test section of ISU-IRT. In order 
to study the ice accretion process over the different aero-engine spinners under typical glaze 
and rime icing conditions, the specific operating conditions of the present study are listed in 
Table 2.2. 
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Table 2.2 Primary controlling parameters of the icing experiments 
Case 
Ambient 
temperature, 
T∞, (°C) 
Incoming 
airflow speed, 
V∞ (m/s) 
Liquid water 
content, LWC 
(g/m3) 
MVD of 
droplets, 
(µm) 
Model 
rotation 
speed, R0 
(rpm) 
Experiment 
duration, 
ticing(s) 
Icing 
style 
1 -5°C 15 2.4 20 2,500 135 Glaze 
2 -10°C 15 1.1 20 2,500 308 Rime 
 
In the present study, the icing experiments were ended after a total amount of 800 grams 
water (i.e., Mwater = 800g) was sprayed into the icing tunnel for each test trail. As shown in 
Table 2.2, since the LWC level of the incoming airflow for the rime ice accretion case (i.e., 
LWC =1.1 g/m3) is quite different from that of the glaze ice accretion case (i.e., LWC =2.4 
g/m3), the duration of the icing experiments under different LWC conditions can be estimated 
by the following equation: 
 waterMt
V A LWC∞
=
⋅ ⋅
  (2 - 5) 
2.3.4 Similarity of Aero-engine Operation Condition 
During the icing experiments, in order to simulate the operation condition of an aero-
engine at cruise condition, a dimensionless parameter should be used to quantify the icing 
rotating similarity due to the larger effect of the centrifugal force between the reference and 
scaled model. This dimensionless parameter is named as the advance ratio or the rotation 
factor, J, which is defined as the velocity ratio of the free stream airflow velocity to the fan tip 
speed of the aero-engine [62]. The definition is given in Equation (2 - 6): 
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In the present study, a typical turbofan aero-engine (i.e., CFM56-2/3) is used as a 
reference and its corresponding advance ratio J is found to be 1.8 at cruise status according to 
the data sheet released from European Aviation Safety Agency [63]. In order to match this 
advance ratio, in the present study, the spinner-fan unit model was kept at the constant rotation 
speed (i.e., R0=2,500 rpm) with the constant incoming flow speed V∞ = 15 m/s.  In that case, 
the kinematic similarity is matched between the reference aero-engine and the scaled model. 
 
2.4 Results and Discussion 
2.4.1 Dynamic Ice Accretion Process over the Spinners 
In performing the ice accretion experiments, the ISU-IRT was operated at a prescribed 
frozen temperature level (e.g., T∞ = -5°C and -10°C for the present study) for at least 20 minutes 
in order to ensure the ISU-IRT reaching a thermal steady state. After the water spray system 
was switched on, the super-cooled water droplets carried by the incoming airflow would 
impinge on the surface of the spinner-fan model to start the ice accretion process. During the 
experiments, the high-speed imaging system was synchronized with the switch of the ISU-IRT 
water spray system to reveal the dynamic ice accretion process over the surface of the spinner 
model.  
As described above, a “phase-locked” technique was used in the present study to 
acquire snapshots of the ice features accreted over the surfaces of the rotating spinner models 
as a function of the time. Figure 2.5 shows typical snapshots of the acquired “phase-locked” 
images to reveal the dynamic ice accretion process over the surfaces of three compared spinner 
models under the icing test condition of   V∞= 15 m/s, LWC = 2.4 g/m3, and T∞ = −5°C. It can 
be seen clearly, as the super-cooled water droplets carried in the incoming airflow impacted 
onto the surfaces of the spinner models under such a relatively warm icing test condition (i.e., 
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T∞ = −5°C.) with high humidity (i.e., LWC = 2.4 g/m3), the heat transfer process (i.e., both heat 
convection and heat conduction) could not be fast enough to remove/dissipate all the latent 
heat of fusion released due to the solidification of the impinged super-cooled water droplets 
[64]. As a result, only a portion of the impacted water mass was frozen into solid ice 
immediately upon impacting onto the spinner surfaces, while the rest of the impacted water 
mass was still in liquid form, which can flow freely over the surfaces of the spinner models as 
driven by the incoming airflow and the centrifugal force associated with the rotation motion. 
Thus, the ice accretion process over the surfaces of the rotating spinner models for this test 
case were found to be a typical glaze ice accretion process, similar as that described in previous 
studies [27,64].  
Based on the comparison of the acquired snapshot images of the ice accretion process 
given in Figure 2.5, it can be seen clearly that, the geometry of spinner would significantly 
affect the dynamic ice accretion process over the rotating spinner surface.  
For the test case of the conical spinner model, as shown clearly in Figure 2.5 (a), while 
the super-cooled water droplets carried by the incoming airflow impinged onto the spinner 
surface, the impinged water droplets were found to form water film/ice layer quickly over the 
entire surface of the spinner model, as revealed clearly in the snapshot image taken at t = 15 s. 
As time increased, with more and more super-cooled water droplets impinging onto the surface 
of the spinner model, the water mass accumulated over the spinner surface increased rapidly. 
As driven by the aerodynamics shear force applied by the incoming airflow, the unfrozen water 
mass accumulated over the spinner surface was found to run back from the spinner tip to the 
root region quickly. Because of the centrifugal force associated with the rotation motion of the 
spinner model, a portion of the runback water mass was found to separate from the spinner 
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surface, and then frozen subsequently to form needle-shaped icicle structures extruding 
outward into the airflow, as shown clearly in snapshot images taken at t > 75 s.  
 
 
(a) Conical spinner 
 
(b) Coniptical spinner 
 
(c) Elliptical spinner 
Figure 2.5 Snapshot images of the dynamic ice accretion process over the surfaces of the three studied 
spinner models under the rime icing test condition (V∞=15 m/s, T∞= -5 ºC, LWC=2.4 g/m3, and J=1.8). 
 
  It can also be seen clearly that, the formation of the needle-shaped icicle structures 
was found to be more significant at the further downstream locations (i.e., in the region near 
the spinner root) due to the greater centrifugal force associated with the larger radius at the 
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spinner root. After about two minutes of the ice accretion experiment, the needle-shaped icicle 
structures were found to be accreted over most of the spinner surface (i.e., extend from the 
upstream location of X/Ds =0.75 to the spinner root of X/Ds = 0) as shown clearly in the 
snapshot image acquired at t = 135 s.   
Figure 2.5 (b) shows the dynamic ice accretion process over the surface of the 
coniptical spinner model. As clearly shown in the snapshots acquired at the time instants of t 
= 15 s and t = 45 s, a water/ice film was found to be formed quickly over the spinner surface 
in the region of near the spinner tip, corresponding to the direct impingement of the super-
cooled water droplets carried by the incoming airflow. It can be also seen clearly that, unlike 
that happened over the surface of the conical spinner model, ice accretion over the surface of 
the coniptical spinner model was found to concentrate mainly at the front part of the spinner 
surface (i.e., the region ranged from X/Ds = 0.4 to X/Ds = 0.8), while the rear part of the spinner 
surface was found to be almost free of water/ice. As time went by, more and more super-cooled 
water droplets impinged upon the spinner surface. Due to the combined effects of the 
aerodynamics shear force and the strong centrifugal force associated with the rotation motion, 
needle-shaped icicles were found to grow outward from the spinner surface, which can be seen 
clearly in the snapshots taken at the time from t = 75 s to t = 135 s.  No needle-shaped icicles 
were found to form in the region of near the spinner tip since the centrifugal forces exerted on 
the impinged surface water would be very small in the region of near the spinner tip associated 
with the small diameter at the spinner tip.  It can also be seen that, since no impacted surface 
water was able to reach to the region near the spinner root due to the special shape of the 
coniptical spinner model, no icicle structures were found to form in the region of near the 
spinner root during the ice accretion experiment.  As a result, the needle-shaped icicle 
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structures were only found to accumulate at the area from X/Ds = 0.4 to X/Ds = 0.8 as indicated 
in the ice accretion image acquired at t = 135 s.  It can also be seen clearly that, while the 
formation of the icicle structures was found to be much closer to the root tip, the coverage area 
of the icicle structures over the spinner surface of the coniptical spinner model was found to 
be much smaller in comparison with that of the conical spinner model.  
Figure 2.5 (c) shows the ice accretion process over the surface of the elliptical spinner 
model. While similar needle-shaped icicle structures were found to grow at the front part of 
the spinner model, i.e., from X/Ds = 0.6 to X/Ds = 0.9, most of the spinner surface, especially 
at the rear part of the elliptical spinner model, was found to be completely free of water 
impingement and ice formation during the ice accretion process. As shown clearly in the 
snapshot taken at the time of t = 135 s, while the formation of icicle structures over the surface 
of the elliptical spinner model was found to take place in the region of more closely to the 
spinner nose, the total area covered with icicle structures was found to be much smaller for the 
elliptical spinner model, in comparison with other two spinner models described above. 
With the same incoming flow speed and rotation speed, this significant difference of 
ice accretion process is strongly related to the difference of the centrifugal force applied to the 
water mass running along the spinners’ surfaces. In the present study, a normalized centrifugal 
force applied to the unit mass of water on these three kinds of spinners is defined as Equation 
(2 - 7): 
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where m is the unit mass of water, ω is the angular rotation speed of the spinner-fan model, r 
is the radius location on the spinner and rmax is the maximum radius of the spinner at the bottom. 
As described in Equation (2 -7), the centrifugal force applied to the running water over the 
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spinner surface is highly dependent on the geometry shape of the spinners. The value of the 
normalized centrifugal force of these three kinds of spinners is shown in Figure 2.6. As clearly 
shown in Figure 2.6, the magnitude of the centrifugal force applied to the water on the elliptical 
spinner is much higher than the other two spinners, especially at the tip area (i.e., X/Ds = 0.6 
to X/Ds = 1.0). Oppositely, the magnitude of the centrifugal force applied to the water on the 
coniptical and the conical spinner near the tip area is much smaller and linearly increase along 
the axis direction. It explains why the needle-shaped icicle structures tend to form at the front 
area of the elliptical spinner, but form at the middle or further downstream area of coniptical 
and conical spinners respectively.  
 
Figure 2.6 The normalized centrifugal force applied to the water mass on these three kinds of spinners 
  
It should be noted that, under such wet glaze icing condition, the formation of the 
needle-shaped icicles over the spinner surface would significantly downgrade the quality of 
the incoming airflow (e.g., increases turbulence intensity levels and even causes flow 
separations) to be inhaled by the aero-engines, thereby, adversely affecting the aerodynamic 
performance of the aero-engines. Meanwhile, irregular shedding of the icicles from the spinner 
surface can also take place due to the stronger and stronger centrifugal force exerted on the 
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icicle structures associated with the increasing ice mass accreted over the spinner surface. 
Irregular ice shedding into aero-engines is considered as a significant hazard to the key 
components of the aero-engines, e.g., fan blades, stators, inlet guide vanes, and compressors.  
While the rotational speed of the spinner models and the incoming airflow velocity 
were kept as constant during the experiments, the ice accretion over the surfaces of the three 
compared spinner models under a colder temperature and a smaller LWC level (i.e., under the 
test condition of V∞ =15 m/s, T∞ = -10 ºC, LWC =1.1 g/m3) was also investigated. Figure 2.7 
shows the typical snapshots of the dynamic rime ice accretion process over the spinner 
surfaces.  It can be seen clearly that, under such a relatively colder and dry icing condition, as 
the super-cooled water droplets carried by the incoming airflow impacted onto the spinner 
surfaces, the heat transfer process (i.e., heat conduction or/and convection) conducted very 
rapidly to dissipate all the released latent heat of fusion associated with the solidification (i.e., 
phase changing) of the impinged super-cooled water droplets. As a result, the ice structures 
accreted over the surfaces of the tested spinner models were found to have the characteristics 
of a typical rime icing process. Due to the immediate freezing of the water droplets upon 
impact, no unfrozen water mass accumulated over the spinner surfaces, thereby, no runback 
water was observed over the spinner surfaces and the ice accretion was found to occur only 
within the direct impingement region of the super-cooled water droplets. The accreted ice 
layers were found to be milk-white in color and opaque in appearance, similar as those of 
typical rime ice accretion as described in the previous studies of Liu et al. [65,66] and Waldman 
et al.[58]. 
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(a) Conical 
 
(b) Coniptical 
 
(c) Elliptical 
Figure 2.7 Snapshot images of the dynamic ice accretion process over the surfaces of the three studied 
spinner models under the glaze icing test condition (V∞=15 m/s, T∞= -10 ºC, LWC=1.1 g/m3, and J=1.8). 
 
As shown clearly in Figure 2.7 (a), when the super-cooled water droplets impinged 
onto the surface of the conical spinner model, due to the immediate freezing of the droplets 
upon impact, the accreted rime ice layer was found to conform well with the profile of the 
spinner surface in general. Meanwhile, the iced spinner surface was found to become relatively 
rough due to the entrainment of small air bubbles between the frozen ice grains. The 
experimental observations also confirmed that the rime ice accretion over the rotating spinner 
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surface was not be affected noticeably by the effect of the centrifugal force, as expected. As 
the time of the ice accretion experiment went by, with more and more super-cooled water 
droplets impacted onto the spinner surface, the ice layer accreted over the spinner surface was 
found to become thicker and thicker. Although the ice accretion process were found to be 
similar for the three compared spinner models under such relatively colder and drier icing 
conduction (i.e., rime icing condition), the areas with ice accretion were found to vary greatly 
depending on the shape of the spinner models. While the rime ice was found to accrete over 
almost entire surface of the conical spinner model as shown in Figure 2.7 (a), the rime ice 
structures were found to accrete only in the range of X/Ds = 0.4 to 1.0 for the coniptical spinner 
model, and in the region of X/Ds = 0.6 to 1.0 for the elliptical spinner model, as indicated by 
the red dash lines shown in Figure 2.7 (b) and Figure 2.7 (c).  In summary, the total amount of 
the rime ice accreted over the spinner surface was found to be highly dependent on the 
geometry (i.e., in either conical, coniptical, or elliptical shape) of the spinner models which 
essentially determined the impingement distributions of the super-cooled water droplets 
carried by the incoming airflow. 
2.4.2 Extraction of the Dynamic Ice Accretion Profiles over the Spinners 
As described above, the rime ice layers accreted over the spinner surfaces were found 
to conform well to the shape profiles of the spinner models. Figure 2.8 shows a “zoom-in” 
view of the rime ice layer accreted over the surface of the conical spinner model. It can be seen 
clearly that, in comparison with that of the original spinner surface (i.e., the spinner surface 
before the ice accretion experiment) as shown in Figure 2.8 (a), while the iced spinner surface 
was found to become rather rough after 250 seconds of the ice accretion experiment, the profile 
of the rime ice layer accreted over the spinner surface still remained the conical shape, as 
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expected, which is shown in Figure 2.8 (b). In the present study, a further effort was made to 
quantify the rime ice accretion process over the rotating surfaces of the spinner models with 
different shapes (i.e., conical, coniptical, and elliptical) as a function of ice accretion time and 
positions over the spinner surfaces.  
  
(a). t = 0s (b). t = 250s 
Figure 2.8 The geometry shape of the spinner before and after rime ice accretion (V∞=15 m/s, T∞= -10 ºC, 
LWC=1.1 g/m3, and J=1.8). 
 
The acquired ice accretion images are the maps of the light intensity scattered or 
reflected from the surfaces of the rotating spinner, impinged water mass, and accreted ice. By 
deriving the changes of the intensity maps in the time sequences of the acquired ice accretion 
images, Waldman and Hu [58] developed an image processing algorithm to extract the feature 
evolution of dynamic ice accretion process over an airfoil model quantitatively.  With the 
similar image processing procedure as that developed by Waldman and Hu [58], quantitative 
information about the dynamic ice accretion process along rotating spinner surfaces can be 
extracted from the time sequences of the “phase-locked” images. 
Following up the work described in Waldman and Hu [58],  the initial reference image 
of the spinner without water or ice over the surface (i.e., Figure 2.8 (a)) was defined as I0, and 
the acquired ith image as ice accreted over the spinner surface (i.e., Figure 2.8 (b)) was defined 
as Ii. The intensity difference maps for the images of the iced spinner, thus, can be derived as: 
 0i idiffI I I= −   (2 - 8) 
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By conducting such an image processing procedure, the pixel counts in the intensity 
difference maps would contain the information about the image changes from the initial state 
(i.e., spinner without water or ice), caused by the presence of water or ice accretion. Therefore, 
the advancing front of the ice layer accreted along the spinner surface can be identified at every 
radius position y as indicated by the red solid line shown in Figure 2.8, which is expressed as: 
 ( )( )2firsti iice diffx I x ε= >   (2 - 9) 
where ε was chosen as the sixteen standard deviations of the typical image noise for the present 
study. The image noise was characterized by calculating the root-mean-square (RMS) values 
of the pixel fluctuations in the blank areas of the images (i.e., areas excluded spinner, ice, or 
water) before ice accretion. 
Knowing the initial pixel locations of the blade leading-edge, i.e., 0ix , the ice thickness 
accreted at the leading edge of the spinner can be calculated by: 
 ( ), 0i i iice img iceH K x x= −   (2 - 10) 
where K is the calibration constant with the unit in mm/pixel. 
By applying the image processing procedure described above, the actual ice thickness 
accumulated along the surfaces of the rotating spinners can be quantitatively extracted. Figure 
2.9 shows the growth of the ice layer accreted along the surfaces of the different spinners as a 
function of the ice accretion time under the icing condition of V∞= 15 m/s, T∞ = −10°C and 
LWC = 1.1 g/m3. As can be seen clearly in Figure 2.9, the thickness of the ice layers accreted 
along the spinner surfaces was found to increase continuously as the time goes by. While the 
accreting ice thickness was found to be rather uniform along the conical spinner surface (i.e., 
the ice thickness is almost the same from the spinner tip to the root) as shown in Figure 2.9 (a), 
the ice accretion on the coniptical and elliptical spinners was found to be varying from the 
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spinner tip to the root, with the ice thickness being the maximum at the tip and decreasing 
gradually at the further downstream as shown in Figure 2.9 (b) and Figure 2.9 (c) respectively. 
It was also found that the ice thickness decreased to zero at about Y/Ds = 0.44 for the coniptical 
spinner, and at Y/Ds = 0.45 for the elliptical spinner. It is suggested that the variation of the 
dynamic ice accretion behaviors on the different spinners was essentially caused by the distinct 
water impingement distributions associated with the multiphase interaction of the impinging 
water droplets, the incoming airflow and the accreting ice layer on the different spinner 
profiles.  
Figure 2.10 shows the time evolution of the ice accretion thickness at different radial 
positions along the surfaces of the spinners. It was found that the ice thickness accreting rate 
of the different spinners was almost constant, but the magnitude is distinct. For the conical 
spinner, as shown in Figure 2.10 (a), the average ice growth rates are different at three typical 
locations such as Y=0 Ds, Y=0.2 Ds, and Y=0.4 Ds during the icing period. At the tip area, the 
ice accretion rate is much larger than other locations (i.e., 0.0147 mm/s). But for the rest area, 
the ice accretion rates are similar, which means the liner change of the profile slope results in 
a uniform ice accumulation on the conical spinner. For the coniptical spinner, as shown in 
Figure 2.10 (b), the average ice thickness growth rate at the tip is much higher than other 
positions, i.e., 0.0123 mm/s. However, with the increase of radius, the average ice thickness 
growth rate decreases rapidly, i.e., at Y=0.2 Ds, dΔ/dt ≈ 0.0056 mm/s, and at Y=0.4 Ds, dΔ/dt ≈ 
0.0032 mm/s. For the elliptical spinner shown in Figure 2.10 (c), the average ice thickness 
growth rate at the tip is about 0.009 mm/s. From Y=0 Ds to Y=0.2 Ds, the average ice growth 
rates decrease gradually. At Y=0.2 Ds, the average ice thickness growth rate drops to about 
0.0064 mm/s, and at Y=0.4 Ds, the average ice thickness growth rate is only about 0.002 mm/s. 
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(a). Conical spinner model 
 
(b). Coniptical spinner model 
 
(c). Elliptical spinner model 
Figure 2.9 The profiles of the ice layers accreted over the surfaces of the three compared spinner models 
under the rime icing condition (V∞=15 m/s, T∞= -10 ºC, LWC=1.1 g/m3, and J=1.8). 
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(a). Conical spinner model (b). Coniptical spinner model 
 
(c). Elliptical spinner model 
Figure 2.10 The time evolution of the ice thickness accreted over different surface radius positions of the 
spinner models under the rime icing condition (V∞=15 m/s, T∞= -10 ºC, LWC=1.1 g/m3, and J=1.8). 
 
Based on the data derived from Figure 2.9 and Figure 2.10, the accreted ice mass can 
be calculated by integrating the ice volume along the radius direction on the spinner and 
multiply the density of rime ice, which is shown in Equation (2 - 11): 
 ( )
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= ∆ ⋅ ⋅∫   (2 - 11) 
where ρrime is the rime ice density as given in Vargas et al. [26] and Liu et al. [27]; Δ(r) is the 
ice thickness at r position.  
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Figure 2.11 shows the time evolution of the ice accretion mass on the different spinners. 
It can be seen clearly that, the total ice accretion on the conical spinner is much faster than 
those on the coniptical and elliptical spinners under the same icing condition. After about 250 
seconds of ice accretion, the ice mass accreted on the conical spinner is about 11.8 g, which is 
about 160%~180% of that on the coniptical and elliptical spinners (i.e., which is only about 
6.6 g and 7.2 g respectively). With the linear fitting equations shown in Figure 2.11, the total 
ice accretion rate of the conical spinner is about 1.6~1.8 times of the elliptical and coniptical 
spinner respectively. Therefore, these results suggest that the conical spinner is more 
susceptible to ice accretion than the coniptical and elliptical spinners under the same rime icing 
condition. 
 
Figure 2.11 Time evolution of the total ice mass accreted over the surfaces of the three compared spinner 
models under the rime icing test condition (V∞=15 m/s, T∞= -10 ºC, LWC=1.1 g/m3, and J=1.8). 
 
2.4.3 Quantification of Impingement Characteristics of Super-cooled Water Droplets  
2.4.3.1 Super-cooled water droplets trajectories 
In order to better understand the impingement characteristics of super-cooled water 
droplets and explain the difference of ice accretion phenomena on different spinners, the super-
cooled water droplet trajectories around the spinners were measured by the PIV technique., 
which are shown in Figure 2.12.  
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(a). Conical spinner model 
 
(b). Coniptical spinner model 
 
(c). Elliptical spinner model 
Figure 2.12 The super-cooled water droplet trajectories around the spinners (V∞=15 m/s, T∞= 5 ºC, 
LWC=2.4 g/m3, and J=1.8).  
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Figure 2.12 shows the water droplet trajectories around these three kinds of spinners 
under a similar operating condition as above, i.e., V∞=15 m/s, LWC=1.1 g/m3, and J=1.8. But 
the incoming flow temperature was set as T∞= 5 ºC to avoid ice accretion over the surface.  
As clearly shown in Figure 2.12 (a), the water droplets impact with the whole surface 
of the conical spinner from the tip (X/Ds=1.0) to the root (i.e., X/Ds=0), which means the 
geometry shape of the conical spinner moderately change the trajectories of the super-cooled 
water droplets suspending in the incoming flow. Since the super-cooled water droplets have 
an inertia to remain the initial moving direction (i.e., parallel to the incoming flow direction), 
these water droplets are likely to impact with the conical surface before they are detoured. 
For the coniptical and elliptical spinners, however, the results shown in Figure 2.12 (b) 
and (c) indicate that the trajectories of the super-cooled water droplets are dramatically 
changed because of the considerable change of geometry profile in the front area. 
Consequently, the super-cooled water droplets are likely to impact with the front area (i.e., 
X/Ds = 0.6 ~ 1.0) of the coniptical and elliptical spinners, but they fly pass the root area of the 
spinners which are demonstrated by the cartoon sketches shown in Figure 2.12. 
 
2.4.3.2 Local impingement efficiency 
Based on these super-cooled water droplet trajectories results, the local impingement 
efficiency β can be quantified according to the definition shown in Figure 2.1. The local 
impingement efficiency of these three kinds of spinners is shown in Figure 2.13. 
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Figure 2.13 The local impingement efficiency of the three compared spinner models. 
 
As shown in Figure 2.13, the local impingement efficiency at the tip area (Y/Ds ≤ 0.05) 
of the conical spinner model is much higher than the other two spinner models, that’s why the 
local ice thickness increasing rate of the conical spinner model is larger than the other two 
spinner models as shown in Figure 2.10. With the radius increasing, the local impingement 
efficiency decreases drastically for both spinner models because of the local surface area at the 
root region of the spinners are increasing. In other words, the same volume of super-cooled 
water droplets suspending in the incoming flow are distributed in a larger surface area at the 
downstream region on the surface of spinners.  
 
2.4.3.3 Total impingement efficiency 
Furthermore, the total impingement efficiency E of these three kinds of spinner models 
are calculated based on Equation (2 - 4), and the values are listed in Table 2.3.  
Table 2.3 The total impingement efficiency of the three compared spinner models. 
 Conical Coniptical Elliptical 
E 0.130 0.048 0.058 
 
41 
From Table 2.3, it is found that the conical spinner has a higher trend to collect super-
cooled water droplets than the other two kinds of spinners. The total impingement efficiency 
of the elliptical spinner (i.e., 0.058) is a little higher than the coniptical spinner with value as 
0.048. In that case, under the same icing condition, especially rime ice condition, the conical 
spinner accumulates the most ice, followed by the elliptical spinner and the coniptical spinner. 
These results are consistent with the estimated ice mass accumulation on these three kinds of 
spinners as shown in Figure 2.11. 
 
2.4.3.4 Impingement limit 
The other impingement characteristic can be extracted from the super-cooled water 
droplet trajectories is the impingement limit. According to the definition shown in Figure 2.2, 
the impingement limits of the three compared spinners are listed in Table 2.4. Meanwhile, 
based on the digitizing ice accretion profiles on the different spinner models under a typical 
rime ice condition (i.e., impacted water is frozen immediately) shown in Figure 2.9, a 
corresponding impingement limit Θ’=2Sm’/Ds are also determined by the point where the 
surface ice thickness variation less than 0.14 mm during the whole icing process, which are 
shown in Table 2.4 as well. 
 
Table 2.4 The comparison of impingement limits of three compared spinners based on the water 
trajectories and rime icing profiles. 
 Conical Coniptical Elliptical 
Θ=2Sm/Ds 1.0 ±0.1 0.84 ±0.1  0.92 ±0.1 
Θ’=2Sm’/Ds 1.0 ±0.02 0.90 ±0.02 0.90 ±0.02 
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These impingement limits can be used to separate the direct water impingement region 
from the whole surface of the spinner models, which is helpful for the optimization of the anti-
/de-icing systems on the aero-engine spinners by recognizing critical icing area. 
All these results of impingement characteristics agree well with the icing phenomena 
shown in Figure 2.5 (i.e., glaze ice condition) and Figure 2.7 (i.e., rime ice condition). And it 
also helps to better understand how the geometry shape of the profile significantly affect the 
ice accretion process and the ice mass accumulation. 
2.4.4 Icing Influence on the Flow Field 
When the ice accretes over the spinner-blade model, the irregular ice structure like the 
needle-shaped icicle structures considerably affect the flow field around the spinner by causing 
flow distortion or block the air passages. In this section, the icing influence on the flow field 
around the spinner-blade model with different shape of spinners are investigated. In order to 
highlight the icing influence, the velocity difference between the clean profile and the iced 
profile, i.e., iced cleanV V V∆ = −  , is calculated by the PIV results. The flow field difference 
between no ice status and after 60s’ glaze icing accretion are shown in Figure 2.14. 
As clearly shown in Figure 2.14, the ice accretion over the spinner-blade model reduce 
the near-wall velocity and cause flow separation after the icicle built up on the spinner surface. 
At the same time, the ice accumulation over the fan blades also block the air passage between 
the blades and decrease the air flow velocity pass through the rotor. With ice accretion growing, 
the icing influence on the flow field will become more significant as expected, which will 
significantly affect the aerodynamic performance of the aero-engine fan. 
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(a) Conical spinner (b) Coniptical spinner 
 
(c) Elliptical spinner 
Figure 2.14 The icing influence on the flow field around the spinner-blade model under a glaze icing test 
condition (V∞=15 m/s, T∞= -5 ºC, LWC=2.4 g/m3, J=1.8, and ticing=60s). 
 
2.5 Conclusion 
A comprehensive experimental study was conducted to investigate the transient ice 
accretion processes over a rotating aero-engine spinner with different profiles. The 
experiments were performed in ISU-IRT with a scaled aero-engine fan model operated under 
two typical icing conditions (i.e., ranged from glaze to rime icing conditions). While a high-
speed imaging system was used to resolve the transient details of ice accretion over the rotating 
spinner model with three typical profiles (i.e., conical-shaped, coniptical-shaped, and 
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elliptical-shaped), the super-cooled water droplets impingement characteristics and the icing 
influence on the flow field around the spinner-blade were also measured by the PIV technique. 
Based on the quantitative measurements in this study, the detailed ice accretion profiles were 
correlated with the water droplet trajectories, which provided further insights into the effects 
of spinner profiles on the ice accretion of aero-engine spinners. 
The time-resolved image sequences of the icing events were processed to extract the 
ice features over the aero-engine spinners with different profile shapes. It is found that under 
the glaze icing condition, the location and extent of the feather-like icicles are strongly 
dependent on the spinner geometry, which corresponds to the different distribution of 
centrifugal force along the spinner surface. Under the rime ice condition, while the conical 
spinner exhibits a uniform ice accretion with similar ice thickness along the surface, the ice 
thickness distributions on the coniptical and elliptical spinners are found to decrease gradually 
from the spinner tip to root. Although the conical spinner likely to collects more ice than the 
coniptical and elliptical spinners due to its relatively higher total impingement efficiency, by 
comparing the ice structures and flow field changes during the ice accretion process, the 
elliptical spinner shows the most dramatic influence on the aerodynamic performance of the 
aero-engine fan model when the feather-like icicles accumulate closer to the tip area of the 
spinner. 
The rotation effect on mass/heat transfer process for these icing process on the spinners 
is still not very clear, and the geometry shape influence on anti-/de-icing efficiency of the 
spinner icing mitigation is desired, which could be potential research topics for the future 
study.
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CHAPTER 3.    AN EXPERIMENTAL STUDY ON THE UNSTEADY HEAT 
TRANSFER PROCESS OVER ICE ACCRETING SURFACES OF ROTATING 
AERO-ENGINE SPINNER MODELS 
3.1 Introduction 
Aero-engine icing is still a crucial issue for aircraft operation safety under hazardous 
weather conditions. When aircraft fly in a cold and humid cloud, the super-cooled water 
droplets suspending in the cloud would impinge and freeze on the exposed surfaces of aero-
engines including inlet lips, fan spinners, fan rotor blades and inlet guide vanes. More 
seriously, the ice shedding from these surfaces could be sucked into the core engine, which 
might cause power-loss events, i.e., stall, roll back or flameout [2]. In the past three decades, 
over 240 icing-related events have been recorded [4]. On one hand, ice accretion on the inlet 
lips, spinners and fan rotor blades of aero-engines degrades the aerodynamic efficiency of aero-
engines through blocking the air passages. On the other hand, the irregular ice accretion causes 
imbalance of the rotor rotation, which may result in serious mechanical vibrations that can 
damage the components of aero-engines. Even though some anti-/de-icing measures have been 
developed and applied to avoid these potential hazards [47–51], it should be noted that the 
extra consumption of hot air/fluid from the compressors or electricity power to heat up the 
icing/iced surfaces could cause significant engine-performance penalties. Furthermore, from 
the point of view of airworthiness certification, each engine with an icing protection system 
must satisfy the strict icing operational requirements stated in CFR Title 14 FAA Part 33 
Section 33.68 and 33.77 [9,60]. In order to advance the technology for safer and more efficient 
operations of aero-engines under atmospheric icing conditions, it is essential to deeper 
understand the dynamic ice accretion process, which will provide an insight to develop more 
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innovative, effective anti-/de-icing strategies tailored for aero-engine icing mitigation and 
protection.  
During the ice accretion process, one essential part is to understand the heat balance. 
Many heat transfer models of the airfoil icing have been widely developed.  In the early 1950s, 
Messinger [67] firstly analyzed the temperature change of an unheated surface like airfoil 
under different icing conditions. He also introduced a new basic variable named freezing-
fraction to describe the proportion of the freezing impingement water. Based on Messinger’s 
model, Myers [68] developed a one-dimensional mathematical model to describe the icing 
event on the solid substrate impinged by super-cooled water droplets. This model was extended 
to two- and three-dimensional applications, which improved the capability of ice modeling for 
both rime ice and glaze ice accretion. Furthermore, Myers and Charpin [69] also established a 
modified model to characterize the ice accretion and water flow on a cold substrate of arbitrary 
shape including flat, cylinder and airfoil. Based on the assumption that the energy added in 
equals to the energy removed out, Sherif et al. [70] developed a generalized semi-empirical 
model to investigate the local heat transfer, ice accretion and liquid runoff on an icing airfoil 
surface under different icing conditions. Fortin et al. [71] built up a thermodynamic model used 
in the numerical simulation of ice accretion over a NACA 0012 airfoil surface, which can be 
used to evaluate the water mass rate, ice roughness height, and convective heat transfer 
coefficient. In addition, based on the theories of liquid-solid phase change fan film flow, Du et 
al. [72] investigated the heat transfer characteristics of aircraft icing process, and they found 
that the icing rate is highly related to the incoming flow velocity and temperature. These studies 
have provided good insights into the heat transfer process during ice accretion over airfoil 
surface, but few studies addressed the heat transfer process on the rotating aero-engine fan.  
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Compared with other aero-engine components, the spinner is more sensitive to ice 
accretion due to its relatively lower spinning velocity and larger impinging area for the super-
cooled water droplets. Some studies were conducted to investigate the heat and mass transfer 
process during icing process on aero-engine spinners. Dong et al. [42] introduced a model of 
heat and mass balance to study the water run back on the rotating cone by numerical simulation. 
It correlated the mass transfer and heat transfer process in order to calculate the accreted ice 
height and predict ice shape. Dong and Zhu et al. [43,73] conducted both numerical and 
experimental studies to evaluate a newly-developed hot-air anti-icing system applied to a full-
scale nonrotating cone model. The surface temperature distribution of this model under 
different icing conditions were measured by thermocouples and simulated by a conjugate heat 
transfer computation.  However, few dynamic heat transfer details were discussed in these 
studies.  
In the present study, a comprehensive experimental investigation was conducted to 
investigate the unsteady heat transfer process over three kinds of typical aero-engine spinner 
models with conical coniptical and elliptical shapes. The experimental study was performed in 
an icing research tunnel available at Iowa State University (i.e., ISU-IRT in short) with a scaled 
aero-engine fan model operating under different controlled icing conditions (i.e., from glaze 
ice to rime ice). A simplified heat balance model was first introduced to characterize the 
unsteady heat transfer process. An infrared (IR) thermal imaging system [74] was used to map 
the temperature distributions over the ice accreting surfaces of the aero-engine spinner models.  
Then, based on the acquired time-resolved IR thermal image sequences during the icing events, 
the influence of spinner shapes on the heat transfer process was evaluated and discussed in 
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detail. These results could provide experimental information for aero-engine ice modeling and 
optimization design of anti-/de-icing systems of aero-engines. 
 
3.2 Theoretical Analysis on Heat Transfer Process of Ice Accretion 
Based on the previous studies [64,66], a heat transfer process in a control volume 
during ice accretion is shown in Figure 3.1. In this control volume, it is assumed that the energy 
added into the control volume inQ  minus the energy loss from the control volume outQ  equal to 
the net change of energy E  inside the control volume within a unit time.  
 in out
dEQ Q E
dt
− = =     (3 - 1) 
The input energy includes the latent heat of fusion latentQ , adiabatic heating adhQ , kinetic 
heating kinQ  and water run-in run inQ − . The output energy outQ  includes convection heat convQ , 
conduction heat condQ , energy radiation radQ , evaporation/sublimation /eva subQ  [68,71] and water 
run-out run outQ − . When the heat transfer process arrives steady state, the energy change inside 
the control volume is zero, thus the energy conservation equation of the control volume can be 
expressed as: 
 /latent adh kin run in conv cond rad eva sub runbackQ Q Q Q Q Q Q Q Q−+ + + = + + + +           (3 - 2) 
 
Figure 3.1 Schematic of heat balance process in a control volume. 
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In the present study, since the latent heat of fusion released during liquid-solid phase 
change plays an important role in the input energy group; and the aerodynamic induced 
adiabatic heating and the kinetic energy caused by droplets impact are relatively weak in the 
heat transfer process; the heat added by water run-in is very small at the rime ice condition; 
the input heat to the control volume can be simplified to one term. And the rate of heat release 
due to the latent heat of fusion within the control volume is dependent on the freezing rate of 
the super-cooled water on the surface, which can be written as: 
 latent ice sQ m L= ⋅    (3 - 3) 
where icem  is the freezing rate of surface water (i.e., ice accretion rate) in the control volume, 
and sL is the specific latent heat of water. 
On the other hand, the heat loss from the control volume is mostly due to the heat 
convection caused by air flow passing the spinner surface; and partially due to the heat 
conduction through the spinner substrate. In this instant heat balance process, the heat loss 
from evaporation and sublimation is relatively small, which can be ignored. Also, there is no 
obvious radiation source or absorber around the test section during the tests. The heat loss 
caused by radiation can be assumed to be very small in the present study. And the water run-
out can be ignored at the rime ice condition. Therefore, the output heat from the control volume 
can be simplified to two terms including the convection heat transfer and conduction heat 
transfer. 
According to the textbook of Incropera & DeWitt [75], the convection heat transfer can 
be expressed as:  
 ( )conv conv surface convectionQ h T T A∞= ⋅ − ⋅   (3 - 4) 
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where convh is the convective heat transfer coefficient, surfaceT is the surface temperature of the 
accreted ice layer, T∞ is the temperature of the incoming airflow, and convectionA  is the interface 
area of the air/water or air/ice within the control volume. 
Conductive heat transfer would also occur at the interface between the ice/water and 
the spinner substrate of the aero-engine fan model. The heat flux due to the thermal conduction 
is given as: 
 
( )surface spinner conduction
cond
conduction
T T A
Q
R
− ⋅
=   (3 - 5) 
where spinnerT  is the surface temperature of the spinner substrate, conductionA  is the interface area of 
the air/water and spinner substrate within the control volume. conductionR is the equivalent thermal 
resistance for the heat conduction, which can be derived based on the equivalent thermal circuit 
theory as described in Incropera & DeWitt [75]:     
 spinnericeconduction
ice spinner
HH
R
k k
= +   (3 - 6) 
where iceH  is the thickness of the accreted ice layer, and spinnerH  is the spinner substrate 
thickness, icek  and spinnerk  are the thermal conductivities of the ice layer and the spinner substrate, 
respectively. 
By substituting Equations (3 - 3) to (3 - 6) into Equation (3 - 2), the energy conservation 
can be expressed as follows:  
 
( )
( ) surface spinner conductionice s conv surface convection
conduction
T T A
m L h T T A
R∞
− ⋅
⋅ = ⋅ − ⋅ +   (3 - 7) 
At the early stage of the ice accretion process, the thickness of the ice layer accreted 
over the spinner surface would be much smaller in comparison with the spinner substrate 
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thickness (i.e.,  ice spinnerH H<< ), thus, the equivalent thermal resistance given in Equation (3 - 6) 
can be simplified as /conduction spinner spinnerR H k≈ .  
In addition, at the local area, the interface area of the air/water and water/airframe 
substrate are assumed the same, i.e., convection conductionA A A≈ ≈ . Moreover, since the spinner model 
is put into the test section in advance before icing test, the surface of the model can be cooled 
down to the temperature of the incoming flow, i.e., Tspinner=T∞. Using ΔT to represent the 
temperature difference in the convection and conduction terms of Equation (3 - 7), the ice 
accretion mass over the spinner surface can be expressed as: 
 
( )spinnerconv
spinner
ice
s
k
h
H
m A T
L
+
= ∆    (3 - 8) 
Based on the simplified heat transfer model given in Equation (3 - 8), the ice accretion 
rate over the spinner surfaces is highly dependent on the convective heat transfer coefficient 
and the thermal conductivity of the spinner substrate. Also, the ice accretion mass rate can be 
denoted by the surface temperature variation measured by the infrared camera in the present 
study.  
 
3.3 Experimental Methodology 
3.3.1 Aero-engine Fan Model 
The aero-engine fan model used in the present study is the same as our previous study 
[76], which is shown in Figure 2.3. More detailed specification of the test models can be found 
in Section 3.1 of Chapter 2.  
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3.3.2 Experimental Setup and Instruments 
All the experimental studies were conducted in the Icing Research Tunnel located in 
the Department of Aerospace Engineering of Iowa State University. Detailed specifications of 
the ISU-IRT can be found in Section 3.2 of Chapter 2 as well. 
Figure 3.2 shows the diagram of the experimental setup in the present study. Similar to 
the previous study by Li and Hu [76], the engine fan model with blades and spinner was 
installed in the center of the test section with the support of an aluminum tube, and the rotor 
disk of the fan was set to be perpendicular to the free stream of the incoming airflow. An 
infrared transmission window (FLIR IR Window-IRW-4C) with a diameter of 4 inches was 
installed on the top panel of the test section. The infrared camera (FLIR A655sc) was mounted 
above the IR window, with a distance of 250 mm from the centerline of the spinner model. 
The spectral range of the camera was 7.5-14 μm and the resolution was 640 × 480 pixels with 
a temperature measurement range from -40 °C to 150 °C. The dynamic range was 14-bit that 
allowing a high accuracy (i.e., ±0.2 °C) and the maximum frame rate (Full window) was 50 
Hz that allowing time-resolved measurement. In addition, in the present study, a direct current 
power supply (BK PRECISION, 1692) was used to power a brushless motor (Scorpion, SII-
4020-420KV) to drive the fan model, and an ESC (Scorpion, Commander 15V 60A) was used 
to control the rotation speed of the fan by means of changing the duty cycle of the input PWM 
control signal. During icing tests, the rotation speed of the aero-engine fan was measured by a 
tachometer (MONARCH, PLT200) and it was kept constant (i.e., R0=2500 rpm) by means of 
a rotation speed feedback control program developed on LabView platform.  
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Figure 3.2 Experimental setup used for unsteady heat transfer process study. 
 
3.3.3 Infrared Measurement Parameters 
For the infrared measurements, the measuring objects include spinner surface, water, 
and ice. The emissivity of these objects are listed in Table 3.1, respectively [66]. The IR camera 
was mounted above the test section at a distance of 250 mm. The transmission coefficient of 
the IR window is 0.82. All these parameters were used to preset the IR thermal imaging system 
before measuring. And the calibration between the IR thermal imaging system and 
thermocouple was performed first. A very good agreement (i.e., the difference less than ±0.2 
°C) was found between the surface temperature and the measurement results of the IR thermal 
imaging system. 
Table 3.1 Emissivity of different materials. 
Material Emissivity 
Black Paint 0.98 
Water 0.95-0.963 
Ice (Smooth – Rough) 0.966-0.985 
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3.3.4 Icing Test Conditions 
According to the CFR Title 14 CFR FAA Part 25 and Part 33, aircraft and aero-engines 
with ice protection systems must demonstrate the capability to operate safely under the ice 
conditions shown in Appendix C and Appendix O. Traditionally, continuous maximum 
conditions are used to guide airframe ice protection system design and intermittent maximum 
conditions are used to guide aero-engine ice protection system design [61]. In order to simulate 
a natural icing environment on the atmosphere (i.e., glaze ice, mixed ice, and rime ice), the 
icing conditions and test parameters used for the present study are selected from the 
intermittent maximum envelope [60]. In addition, with the scaling law demonstrated in Section 
3.4 of Chapter 2, the primary advance ratio of the aero-engine model is still kept as same as 
the previous study, which is J=1.8 associate with V∞= 15 m/s, R0=2500 rpm. The icing test 
conditions are listed in Table 3.2.  
 
Table 3.2 Icing test conditions for unsteady heat transfer process study.  
Case T∞ ( °C) LWC (g/m3) R0 (rpm) V∞(m/s) MVD (µm)  Ice Style    
1 -5°C 2.4 2500 
15 20 
 Glaze    
2 -10°C 2.2 2500  Mixed    
3 -15°C 1.1 2500  Rime    
 
 
3.4 Results and Discussion 
3.4.1 Time Resolve Temperature Distribution over the Icing Spinners 
3.4.1.1 Glaze ice accretion 
Firstly, a typical glaze ice accretion trail was tested, i.e., T∞= -5 ºC, LWC=2.4 g/m3. 
From the images shown in Figure 3.3 (a), for the conical spinner (left side), it was found that 
at the very beginning of the icing process, i.e., t=t0+1s, the water droplets impacted upon the 
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tip area first causing a temperature change. After one second (t=t0+2s), the water droplets 
impacted upon the whole surface and the temperature change area extended to the whole 
spinner. At the same time, more water was being collected at the tip area that caused the local 
temperature increased higher due to latent heat release of ice accretion [64]. As time 
progressed, from t=t0+3s to t=t0+5s, the temperature on the surface showed a uniform 
distribution as there was no obvious temperature difference between the front area and the 
downstream area. Figure 3.3 (b) presents the dynamic temperature change process over the 
coniptical spinner. In comparison to the conical spinner, the water droplets similarly impacted 
on the tip area at the beginning, i.e., t=t0+1s, but in contrast, after one second (t=t0+2s), only 
the frontal area showed temperature change. The surface temperature of the downstream area 
was still remaining same as the temperature of the incoming flow  
(i.e., T∞= -5 ºC). Figure 3.3 (c) shows the dynamic temperature change process over the 
elliptical spinner, which showed a similar temperature change and distribution to the coniptical 
spinner.  
Compared with these image sequences, it was found that the temperature distribution 
showed a significant difference between these spinner shapes under this typical glaze ice 
condition. Since the super-cooled water droplets directly impinged upon all the surface of the 
conical spinner to form ice evenly, the temperature change on its surface showed a uniform 
distribution during this icing process, which was demonstrated by the time-resolved IR images.  
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Figure 3.3 Time evolution of temperature distribution over icing spinners  
(V∞=15 m/s, T∞= -5 ºC, LWC=2.4 g/m3, R0=2500 rpm, and J=1.8). 
 
However, for the coniptical and elliptical spinners, as the super-cooled water droplets 
only impinged upon the front area of spinners, there was only partial surface temperature 
changed that shown in the first two images. Moreover, because of the glaze ice condition, the 
water collected on the surface cannot be frozen immediately and a water film formed on the 
surface. In that case, the water runback transferred the unfrozen water downstream to an area 
without direct water impingement, where these water was freezing continually and the latent 
heat release increased the object’s temperature, which can be seen from the extracted 
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temperature profile along the symmetric axis in Figure 3.4 (b) & (c)  . From t=t0+2s to t=t0+5s, 
for the coniptical and elliptical spinners, it was found that the boundary of the temperature 
change area moved downstream continually and formed a temperature gradient along the 
incoming flow direction on the spinners surfaces. 
 
Figure 3.4 Measured surface temperature profiles extracted from the IR thermal images under the glaze 
icing condition (V∞=15 m/s, T∞= -5 ºC, LWC=2.4 g/m3, R0=2500 rpm, and J=1.8). 
 
3.4.1.2 Mixed ice accretion 
After the glaze ice condition, a mixed ice condition with high liquid water content and 
moderate cold temperature, i.e., T∞= -10 ºC, LWC=2.2 g/m3, was investigated as well. Figure 
3.5 demonstrates the dynamic temperature change process over these three kinds of spinners 
under the mixed ice condition. Figure 3.5 (a) presents the unsteady temperature change process 
over the conical spinner. Similar to the glaze ice condition, at the beginning (t=t0+1s), the 
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water only impinged upon the very small tip area, then, the water/ice covered the whole spinner 
surface quickly. After two seconds (t= t0+3s), the temperature distribution of the whole surface 
became uniform due to direct water impingement on the surface. Figure 3.5 (b) and (c) show 
the dynamic temperature change over the coniptical spinner and elliptical spinner under the 
mixed ice condition. Compared with the conical spinner, it was very easy to distinguish the ice 
and no ice area on the spinners’ surfaced; the temperature gradient along the incoming flow 
direction became more obvious than conical spinner as time went on.  
 
Figure 3.5 Time evolution of temperature distribution over icing spinners  
(V∞=15 m/s, T∞= -10 ºC, LWC=2.2 g/m3, R0=2500 rpm, and J=1.8). 
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Compared with the glaze ice condition, since the temperature of the incoming flow was 
lower, a greater portion of the super-cooled water droplets was frozen after impacting on the 
surface. Only a small part of the water formed a water film on the surface, and this water film 
was frozen soon before it reached the further downstream area. A small part of water runback 
was observed on the surface, which is demonstrated by the extracted temperature profiles 
shown in Figure 3.6 (b) and (c).  Moreover, from t=t0+3s to t=t0+5s, it was hard to observe the 
temperature change area boundary growing along the incoming flow direction like the glaze 
ice condition. In addition, for coniptical and elliptical spinners, as more water was collected 
near the tip area to form ice, there was a significant temperature concentration increase around 
this area, which was caused by mass latent heat release from water solidification. 
 
 
Figure 3.6 Measured surface temperature profiles extracted from the IR thermal images under the mixed 
icing condition (V∞=15 m/s, T∞= -10 ºC, LWC=2.2 g/m3, R0=2500 rpm, and J=1.8). 
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3.4.1.3 Rime ice accretion 
Figure 3.7 shows the time evolution of temperature distribution over the spinners 
surfaces under the rime ice condition, i.e., T∞= -15 ºC, LWC=1.0 g/m3.  
 
 
Figure 3.7 Time evolution of temperature distribution over icing spinners  
(V∞=15 m/s, T∞= -15 ºC, LWC=1.0 g/m3, R0=2500 rpm, and J=1.8). 
 
Figure 3.7 (a) shows the dynamic temperature change over the conical spinner under 
the rime ice condition. Similar to the previous phenomenon shown in glaze and mixed ice 
conditions, after the super-cooled water droplets impinged upon the tip area, the water 
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continually impinged upon the rest area in a short time and formed a uniform temperature 
distribution as well. But the amplitude of temperature rise was relatively lower. The 
temperature change process over the coniptical spinner and elliptical spinner under the rime 
ice condition are shown in Figure 3.7 (b) and (c). Similar to the previous icing conditions, there 
was still a clear separation boundary between iced and no-ice region as shown in the snapshots 
in Figure 3.7. However, the icing influence area was much smaller and the temperature gradient 
was not as strong as the glaze and mixed ice conditions. The temperature increasing 
concentration around the tip area also became smaller. 
Under this icing condition, since the temperature of the incoming flow was much lower 
and the LWC was smaller as well; when the water impacted on the surface, it was frozen 
immediately. In other words, no water film formed on the surface and no water run-back 
happened during this icing process. Compared with the previous icing conditions, the iced 
region became smaller due to the ice accretion only depended on direct water impingement. 
Since the super-cooled water droplets cannot directly impinge upon the downstream surface 
according to the water impingement characteristics demonstrated in Section 4.3 of Chapter 2, 
no ice accreted there. Therefore, there was no latent heat release from water solidification to 
increase the local temperature, which is shown in Figure 3.8 (b) & (c). Furthermore, as time 
went on, there was still an apparent temperature concentration increasing at the tip region of 
these spinners because of higher water droplets impingement efficiency than other places. 
However, the amplitude of these temperature concentration increasing varied between different 
spinners, the elliptical spinner showed the largest temperature concentration increasing, and 
the conical and coniptical spinners showed the smaller temperature concentration increasing 
respectively. It is because the round head of elliptical spinner has a relatively larger area to 
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collect more water and more latent heat is released during ice accretion, but the local area of 
the sharp head of conical and coniptical spinner is relatively smaller so that less water is 
collected to form ice near the tip region. The details temperature variation will be discussed in 
the following section. 
 
Figure 3.8 Measured surface temperature profiles extracted from the IR thermal images under the rime 
icing condition (V∞=15 m/s, T∞= -10 ºC, LWC=2.2 g/m3, R0=2500 rpm, and J=1.8). 
 
3.4.2 Temperature Variation History along the Axis Direction 
In order to compare the heat transfer evolution over these three kinds of spinners during 
different icing process, four monitoring points were selected at different positions along the 
symmetric axis to demonstrate the temperature variation history, which is shown in Figure 3.9. 
Point A was set at the tip region of the spinner, i.e., XA=1.0 Ds. And the spacing between these 
three points was equal to 30% spinner length, i.e., XB=0.7 Ds, XC=0.4 Ds and XD=0.1 Ds. 
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Figure 3.9 Four monitoring points along the symmetric axis of spinner 
 
From the temperature distribution images shown above, it is known that there are a 
continuous water collection and phase change process on the spinners surfaces, accompanied 
with latent heat release. If all of the latent heat released from the first collected water can be 
taken away by the heat transfer process like convection or conduction, the amount of latent 
heat released can be demonstrated by the temperature difference (i.e., ΔT) between the 
ice/water surface and the incoming flow [14]. If the temperature difference becomes stable, it 
indicates that the amount of heat input and output of the control volume reaches a steady state. 
In the following section, the temperature variation history of these discrete points under three 
icing conditions will be discussed in details. 
Figure 3.10 presents the temperature variation history of these points under the glaze 
ice condition, i.e., T∞= -5 ºC, LWC=2.4 g/m3. As shown in Figure 3.10, for all the spinners, 
when water droplets impinged upon the spinners’ surfaces around the tip area, the temperature 
difference increased dramatically in a very short time and then reached a steady state 
synchronously.  It is because the initial collection of super-cooled water releases much latent 
heat during icing, and then the strong convection near the stagnation point can remove these 
latent heat quickly. In that case, the plots became stable after the initial rise. In other words, 
the local heat transfer process reaches an equilibrium state at Point A. Point B experienced a 
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similar process which is shown in Figure 3.10 (b). Although the temperature difference of these 
three spinners in this area also rose sharply at the beginning stage, the plot of elliptical spinner 
experienced a smoother rise and a larger hysteresis than conical and coniptical spinners. As 
time progress, both plots reached a steady state and the local heat transfer became stable. Figure 
3.10 (c) and (d) show the temperature variation of point C and point D, which indicates a 
significant difference between the spinners. For the conical spinner, as the super-cooled water 
droplets can directly impinge on point C and point D region, the latent heat released from this 
water phase change raised the object’s temperature dramatically like point B and point A. 
However, for the coniptical and elliptical spinners, there was a remarkable hysteresis of 
temperature increase at point C and point D. On one hand, there was little water directly 
impacted on point C and point D region according to previous results of water droplet 
trajectories, the surface temperature increase was mainly caused by the latent heat release from 
solidification of runback water [58,64,77] on the surface . On the other hand, as the amount of 
water deposited into the downstream area was less than upstream area, the amount of the latent 
heat release was relatively lower. Consequently, based on the simplified heat transfer model 
and Equation (3 - 8), the surface temperature of coniptical and elliptical spinners rise smaller, 
as expect. 
Figure 3.11 presents the relative temperature variation history of these monitoring 
points under mixed ice condition, i.e., T∞= -10 ºC, LWC=2.2 g/m3. As the temperature was 
relatively colder and LWC was still higher in this situation, the surface temperature increased 
larger than the previous glaze ice condition, which means more latent heat was released from 
ice accretion since more water was frozen after the impingement. In Figure 3.11 (a), when 
water droplets impinged upon these three kinds of spinners’ tip area, the temperature difference 
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increased considerably in a very short time as well. But temperature rise of the conical spinner 
was smaller than others because the sharp tip collected fewer water droplets and released less 
latent heat during the icing process. 
 
 
Figure 3.10 Relative temperature variation history at four discrete points on the spinners  
(V∞=15 m/s, T∞= -5 ºC, LWC=2.4 g/m3, R0=2500 rpm, and J=1.8). 
 
It is worth noting that, after the initial jump of the temperature, the temperature 
variation of coniptical and elliptical experienced a slight fall which is caused by the strong 
convection heat transfer near this region. Figure 3.11 (b) shows the temperature change at point 
B of these three spinners. Both plots experienced a slighter temperature increase and reached 
similar temperature level after the initial stage, but the coniptical one reached the steady state 
faster, followed by the conical one and elliptical one. Figure 3.11 (c) shows the temperature 
variation of point C, which also demonstrates a significant difference between the spinners. It 
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was known that for the conical spinner, there was a lot of water deposit into point C region 
through direct water impingement. The temperature variation history experienced a quicker 
rise and reached the same temperature constant level like point A and point B. Different from 
the conical spinner, as no direct water impingement on point C region of coniptical and 
elliptical spinners, a little ice formed there that was caused by partial water run-back and the 
temperature variation increased much slower and lower.  Even for the further downstream area 
like point D, which is shown in Figure 3.11 (d), little water reached there and the temperature 
variation was relatively small. In other words, at the downstream area, it took longer time for 
the local heat transfer to reach equilibrium state for coniptical and elliptical spinners. 
 
Figure 3.11 Relative temperature variation history at four discrete points on the spinners  
(V∞=15 m/s, T∞= -10 ºC, LWC=2.2 g/m3, R0=2500 rpm, and J=1.8). 
 
Figure 3.12 shows the relative temperature variation history of these discrete points 
under the rime ice condition, i.e., T∞= -15 ºC, LWC=1.1 g/m3. Under this rime ice condition, 
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as all the collected water droplets froze immediately upon impact, the latent heat release was 
strong. As shown in Figure 3.12 (a), there was a considerable temperature difference increase 
at the tip region of both spinners. The plot of conical spinner reached the steady state which 
means the local heat transfer can remove all the latent heat release during icing. However, the 
plots of coniptical and elliptical grew gradually during the forty seconds icing process and 
cannot reach a constant temperature level. Similarly, at point B, after the initial impingement 
of super-cooled water droplets, the temperature variation for both spinners climbed steadily 
during the icing process, which is shown in Figure 3.12 (b). During this icing process, the 
temperature rise at this point of the coniptical spinner was relatively higher, followed by 
conical spinner’s temperature change. The elliptical spinner’s change was the smallest, which 
indicated that less water was collected at point B area of the elliptical spinner. Figure 3.12 (c) 
presents the temperature variation history of point C. For the conical spinner, as the water can 
continually impinge upon this area, the temperature variation experienced a similar trend as 
point B, which was growing gradually and didn’t reach steady state during this icing process. 
For the coniptical and elliptical spinners, as point C was out of the direct water impingement 
area in this situation, the temperature change cannot be caused by the latent heat release from 
water solidification. Since the point C of coniptical was very close to the ice accretion area, 
the heat conduction through the spinner substrate raised the local surface temperature 
gradually. But for the point C of the elliptical spinner, as it was far from the icing area, the 
temperature varied little near zero and no heat transfer information was illustrated here. For 
the point D of conical, which is shown in Figure 3.12 (d), the temperature change was similar 
to point C, but the amplitude was smaller due to it is closer to the root area of the spinner. 
Moreover, for the point D of coniptical and elliptical spinners, which is shown in Figure 3.12 
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(d), as it located at the further downstream area, the temperature change was not caused by the 
latent heat release. It could be caused by the heat convection between accelerated flow and 
surface and heat conduction inside the substrate. 
 
Figure 3.12 Relative temperature variation history at four discrete points on the spinners  
(V∞=15 m/s, T∞= -15 ºC, LWC=1.1 g/m3, R0=2500 rpm, and J=1.8). 
 
3.4.3 The Discussion of Dynamic Heat Transfer Process  
As described previously, the dynamic heat transfer over the spinner models is highly 
dependent on the icing conditions. Moreover, the temperature variation experiences two 
different stages during the icing process, which can be separated into the initial impingement 
stage (1st stage) and the continued collection stage (2nd stage). The heat transfer modes for the 
glaze ice and rime ice behind these stages are discussed in this section. 
69 
Figure 3.13 shows the dynamic heat transfer process at point A under glaze ice 
condition. According to Equation (3 - 8), the temperature difference indicates the amount of 
latent heat release and heat convection/conduction influence. At the 1st stage, when the first 
part of the super-cooled water droplets impinges upon the clean spinner surface, the 
solidification of the water happens quickly, which releases a lot of the latent heat inside the ice 
layer instead of transferring to the surroundings [78]. Consequently, there is a dramatic 
increase of temperature variation of the measured object. After that, as more water is collected, 
only a small part of the super-cooled water freezes and a water runback forms on the top of the 
first iced layer. At the same time, the latent heat released from water solidification is removed 
by heat convection with free stream flow, heat conduction to the substrate and mass transfer of 
water runback on the surface. In that case, local heat transfer arrives a steady state quickly and 
the temperature variation remains stable during the 2nd stage. 
 
 
Figure 3.13 Dynamic heat transfer modes of point A under glaze ice condition  
(V∞=15 m/s, T∞= -5 ºC, LWC=2.4 g/m3, R0=2500 rpm, and J=1.8). 
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Figure 3.14 shows the dynamic heat transfer process at point A under rime ice 
condition. As the temperature is very low and LWC is small, a large portion of super-cooled 
water droplets freezes immediately after impact with the surface. At the 1st stage, when the 
first part of the super-cooled water droplets impinges upon the clean spinner surface, the 
solidification of the water also happens quickly, the dramatic rise of temperature variation in 
the first two seconds indicates a strong latent heat release in the ice [78]. After that, as more 
water is continually collected, most of the super-cooled water freezes immediately resulting in 
the ice layer growing on the spinner surface [76], which means the latent heat release remains 
strong. As the heat convection with free stream flow and the heat conduction to the substrate 
cannot remove all released latent heat of fusion from water solidification, the temperature of 
the local object increases gradually at the 2nd stage during this test period. 
 
 
Figure 3.14 Dynamic heat transfer modes of point A under rime ice condition  
(V∞=15 m/s, T∞= -15 ºC, LWC=1.1 g/m3, R0=2500 rpm, and J=1.8). 
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3.5 Conclusion 
In the present study, a simplified heat transfer model was constructed based on the 
previous studies to characterize the relationship between the surface temperature variation 
coupled with heat transfer process and ice accretion mass rate over the aero-engine spinner 
models. After which, a comprehensive experimental study was performed to investigate the 
dynamic heat transfer process during ice accretion over the spinner models of a rotating aero-
engine fan. The experiments were conducted in ISU-IRT with a scaled aero-engine fan model 
operated under a variety of icing conditions (i.e., ranged from glaze to rime ice conditions). A 
high-speed IR imaging system was used to record the time-resolved temperature map on three 
typical spinner profiles (i.e., conical, coniptical, and elliptical). Based on the temperature 
variation history along the spinners, the influence of spinners’ geometric shape on the dynamic 
heat transfer process was examined in detail and the different heat transfer modes were 
discussed. 
The time-resolved temperature image sequences of the icing processes demonstrate that 
the geometric shape highly affects the dynamic temperature change process on the spinners. It 
is found that under the glaze ice condition, an ice/water film forms on the surface of spinners. 
The impingement water covers the whole conical spinner surface and shows a uniform 
temperature distribution. But, the water runback transfers part of the water to the downstream 
area without direct impingement on the coniptical and elliptical spinners. This water is refrozen 
then releases latent heat through ice formation and causes a surface temperature increase. After 
the initial impingement stage, the convective/conduction heat transfer is sufficient to remove 
all the latent heat released from water solidification and the surface temperature reaches steady 
state soon. Under the mixed ice condition with same LWC, as more super-cooled water freezes 
at the initial impingement, more latent heat released from the water solidification results in 
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greater temperature increase during icing process. Also, because less water film forms on the 
surface, less water is transported to the downstream area. And it takes a longer time for heat 
convection and conduction to remove all released latent heat and reach the steady state. Under 
the rime ice condition, there is only ice accretion at the direct water impingement area and the 
latent heat release is relatively stronger than the heat convection and conduction at the 2nd 
stage. With more water impact and ice accretion, the temperature variation on the surface 
grows gradually and does not reach equilibrium during the test duration. But for the area 
without water impingement, the heat transfer does not demonstrate a significant influence on 
the surface temperature. 
The unsteady heat transfer process over ice accreting surfaces of aero-engine spinners 
is very complex, and it is related to various affecting factors and icing conditions. Additionally, 
compared with 2D airfoils’ issues, the rotation effect on the ice accretion and mass/heat transfer 
process is still not very clear, which is a potential research topic for the future study. 
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CHAPTER 4.    EXPERIMENTAL INVESTIGATION ON THE EFFECTS OF ICING 
PROCESS ON THE PERFORMANCE OF AN AERO-ENGINE FAN MODEL 
4.1 Introduction 
It is well known that the blades of the aero-engine fan play a very important role in the 
operation of aero-engine. The fan blades not only assist to suck enough air into the aero-engine, 
but also provide additional thrust for the aero-engine. Compared with the airframe icing (i.e., 
airfoil icing), which happens under an external flow condition, the internal flow inside the 
aero-engine duct is more complex and unstable, which would significantly affect the ice 
accretion characteristics. Some studies were already conducted to investigate the ice accretion 
process on the fan blades. Bidwell et al. used NASA’s LEWICE3D code to study the ice issues 
on Energy Efficient Engine (E3), and the results showed that increasing water drop size would 
result in increasing impingement rates on the spinner and fan [41]. Dong et al. conducted a 
numerical study on the icing process on the rotating NASA Rotor 67 blade, and the ice shapes 
of different accretion time and different span positions were compared to investigate the ice 
accretion characteristics on the rotating blades [45]. Das developed a computational 
methodology for prediction of icing phenomena on turbofan compression system, which 
provided the insight about droplet impingement pattern and ice accretion over the 
turbomachinery components under different operating conditions [36,38]. Hutchings 
combined different CFD icing codes to evaluate the changes of aerodynamic shape of a blade 
caused by ice accumulation and the associated degradation in aero-engine performance [40]. 
The results showed that with a maximum ice accretion thickness about 8% chord length, the 
pressure loss was tripled and the air flow loss was up to 15%. Hamed et al. also presented a 
three-dimensional numerical simulation of the ice droplet trajectories and collection efficiency 
on aero-engine rotating blade, which demonstrated that the water accumulation was higher for 
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the larger super-cooled water droplets [37]. These literatures provide a lot of perspectives about 
icing prediction and/or develop some useful methodology for icing modelling, however, few 
researchers have demonstrated the dynamic ice accretion process over the aero-engine fan 
components or evaluated the related icing influence on the aero-engine fan performance.  
In the present study, a comprehensive experimental investigation was conducted to 
examine the transient ice accretion process over the aero-engine fan model inside the duct. The 
experiments were performed in an icing research tunnel available at Iowa State University (i.e., 
ISU-IRT) with a scaled aero-engine fan model under different controlled icing conditions. In 
addition to recording the dynamic ice accretion process on the rotating fan by using a high-
speed imaging system, the pressure changes before and after the fan rotor and the instant power 
consumption of the driving motor were acquired through various instruments and the DAQ 
system. Based on the acquired time-resolved image sequences of the icing events, the 
important microphysical process, including ice accretion shape on the rotating blades and ice 
surface feature were revealed in detail. At the same time, the icing influence on the 
aerodynamic performance were discussed as well. 
 
4.2 Experimental Methodology 
4.2.1 Experimental Setup and Instruments 
The experimental study was performed in an Icing Research Tunnel (ISU-IRT) located 
in the Department of Aerospace Engineering of Iowa State University. The detailed 
specification of the icing research tunnel can be found in previous study [76]. By adjusting the 
water flow rate through the spray nozzles, the liquid water content (LWC) level in the tunnel 
can be adjusted as required; thus, ISU-IRT can be run over a wide range of icing conditions to 
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duplicate various atmospheric icing phenomena (e.g., from relatively dry rime ice to extremely 
wet glaze ice conditions). 
Figure 4.1 shows the model specification and the diagram of the experimental setup in 
the present study. The aero-engine fan model (Df  = 200 mm) with an elliptical spinner  
(Ds = 80 mm, Ls = 40 mm) was installed in the center of the test section, and a Plexiglass tube 
(Dd = 203.2 mm) with inlet lips was added on the aero-engine fan. More specification and 
characteristics of the aero-engine fan model can be found in previous study as well [76]. 
 
 
Figure 4.1 Experimental setup to study icing phenomena over an aero-engine fan model. 
 
A direct current power supply (BK PRECISION, 1692) was used to power a brushless 
motor (Scorpion, SII-4020-420KV) to drive the fan model, and an ESC (Scorpion, Commander 
15V 60A) was used to adjust the rotational speed of the fan by means of changing the duty 
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cycle of pulse width modulation. During the experiment, the rotation speed of fan was 
measured by using a tachometer (MONARCH, PLT200) that generates a pulse signal to a 
digital delay generator (BNC, 575) to trigger the imaging system to achieve “phase-locked” 
imaging of the aero-engine model. A CCD camera (PCO, SensiCam QE with 1376 pixels × 
1040 pixels in resolution) with a 24mm lens (Nikon, 24 mm Nikkor 2.8D) or 105mm lens 
(Nikon, 105 mm Micro-Nikkor 2.8D) was mounted at the side of the test section to record the 
ice accretion process. Two pressure holes were added on the fan duct. One was set before the 
fan rotor (i.e., Ps1) and the other one is after the fan rotor (i.e., Ps2), which are shown in top 
right of Figure 4.1. An Ethernet pressure scanner (Scanivalve, DSA 3217) with ±10 inch H2O 
pressure range and ±0.2% static accuracy was used to measure the pressure change before and 
after the fan rotor during the icing process. The electric current in the electric circuit was 
measured by using a Hall Effect current transducer (Crmagnetics, CR5410-50), which was 
then used to calculate the input power of the driving motor.  
 
4.2.2 Icing Test Conditions 
In the present study, a set of icing test conditions were selected to investigate the icing 
influence of different incoming flow temperature T∞ and liquid water content (LWC). The 
primary parameters are shown in Table 4.1. The incoming flow velocity and rotation speed 
were still kept the same as previous studies to match the same advance ratio (i.e., J=1.8). 
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Table 4.1 The icing test and engine-fan model operation conditions. 
Case T∞ (°C) LWC (g/m3) t icing (s) MVD (µm) 
R0 
(rpm) V∞ (m/s) J 
1 -5°C 0.5 360 
20 2500 15 1.8 
2 -5°C 1.0 180 
3 -5°C 2.0 90 
4 -10°C 0.5 360 
5 -10°C 1.0 180 
6 -10°C 2.0 90 
7 -15°C 0.5 360 
8 -15°C 1.0 180 
9 -15°C 2.0 90 
 
Additionally, the mass of water sprayed into the icing wind tunnel for each case were 
the same, which was set as a constant. Therefore, the icing time t for different LWC cases was 
determined by Equation (4 - 1): 
 Constantwater icingM V A LWC t∞= =     (4 - 1) 
where V∞ is the velocity of free stream, A is the area of cross section of test section, LWC is 
liquid water content, and ticing is the total icing time. 
 
4.3 Results and Discussion 
4.3.1 Dynamic Ice Accretion Process over the Rotating Aero-Engine Fan 
4.3.1.1 Glaze ice accretion 
Based on the experimental methodology described above, the time-resolved “phase-
locked” images of the dynamic icing process over the rotating aero-engine fan model 
demonstrate the ice features accreted on the rotating aero-engine fan as a function of time. As 
shown in Figure 4.2, the “phase-locked” images reveal the dynamic ice accretion process over 
the aero-engine fan model under the test condition of free stream with   V∞= 15 m/s, LWC = 
2.0 g/m3, and T∞ = −5°C. As the super-cooled water droplets carried in the incoming airflow 
impacted with the aero-engine model surface under this relatively warmer and more humid 
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condition, the released latent heat of fusion from the solidification of the impinged super-
cooled water droplets cannot be removed in a short time by the heat transfer process (i.e., both 
heat convection and heat conduction) [64]. Consequently, only a part of the super-cooled water 
droplets was frozen immediately after the impingement, while the rest of the super-cooled 
water droplets were still liquid that move freely on the solid surface. Thus, the ice accretion 
over the aero-engine surface for this test case was found to be a typical glaze ice accretion 
process. As shown in Figure 4.2 (a) to (b), the impinged super-cooled water droplets were 
found to form a water/ice film over the elliptical spinner surface that can be seen at t = 30 s. 
With continued super-cooled water droplets impingement, the water runback and rivulets 
formed on the spinner surface, which can be seen clearly at t = 45 s in Figure 4.2 (c). When 
the water moved downstream to the root area of the spinner, the ice started to grow outward 
into the airflow under the combined effects of aerodynamics shear force and centrifugal force 
due to the rotation motion. In other words, the unfrozen water was “taken-away” from the 
spinner surface while it was being cooled down. As a result, feather-like icicles were found to 
develop gradually over the downstream area of the spinner surface as can be seen from  
t = 60 s to t = 90 s in Figure 4.2 (d) to (f). This observation was consistent with our previous 
research results [76], which prove that the centrifugal force remarkably affects the glaze ice 
accretion over the fan spinner. In addition, Figure 4.2 (g) to (l) demonstrate the detail of ice 
accretion over the fan blades. As shown in these images, it was found that most of the ice 
accumulated at the leading edge of the blades. This accreted ice was crystal, rough, and 
uniformly distribute along the leading edge of the blades. Since this was a typical glaze ice 
condition, the super-cooled water droplets impacted with the blades could not be frozen 
immediately, and then the unfrozen water mass was transported along the blades surface along 
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both the chord-wise and span-wise directions. As a result, complex ice structures were found 
to form over the tip area of the blades, which exceed the length of the blade, as shown clearly 
in Figure 4.2 (l). 
 
 
Figure 4.2 Time-resolution images of ice accretion process over the aero-engine fan model under a typical 
glaze ice condition (V∞=15m/s, T∞=-5 ºC, LWC=2.0 g/m3, R0=2500 rpm, and J=1.8). 
 
It should be noted that under such wet glaze icing condition, the feather-like icicles 
formed on the spinners and the complex ice accreted at the leading edge of blades could 
significantly distort the intake airflow (e.g., increase of turbulence and large-scale flow 
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separation) or block the air passages. Meanwhile, ice shedding events could also be a potential 
hazard to the key components of aero-engines (e.g., stator, inlet guide vanes and compressors). 
4.3.1.2 Mixed ice accretion 
While the rotation speed of the aero-engine fan, the free stream airflow velocity and 
liquid water content were kept constant, the icing process snapshots for the aero-engine fan 
under a colder air temperature (i.e., the test case of V∞=15 m/s, T∞= -10 ºC, LWC=2.0 g/m3) 
are shown in Figure 4.3.  
 
 
Figure 4.3 Time-resolution images of ice accretion process over the aero-engine fan model under a typical 
mixed ice condition (V∞=15m/s, T∞=-10 ºC, LWC=2.0 g/m3, R0=2500 rpm, and J=1.8). 
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As the super-cooled water droplets carried in the incoming airflow impacted on the 
aero-engine fan surfaces under this colder condition with high moisture, the heat transfer 
process had larger capability to dissipate the latent heat of fusion released from the phase 
changing of the impinged super-cooled water droplets. More portion of water was frozen after 
the first impact, but with continued water impingement, the latent heat of fusion released at the 
initial impact slow down the heat transfer process. As a result, a water film formed on the iced 
surface. This ice accretion over the surfaces of the aero-engine was found to exhibit typical 
mixed ice characteristics (i.e., partial white and partial transparent appearances), which was 
similar to the previous observation of Vargas et al. [26]. As shown clearly in Figure 4.3 (a) and 
(b), at the initial water impact, due to the immediate freezing of the droplets, the ice accretion 
over the spinner surface was found to be rough and clear. However, with more water impacted 
with the iced surface, the water runback happened. The rivulets and ice circles started to 
develop gradually with the combination of aerodynamics shear force and centrifugal force, as 
shown clearly in Figure 4.3 (c) to (e).  It should be noted that, since the ambient temperature 
was lower than the glaze ice condition, the remained water on the surface was frozen quicker 
than the previous case. Consequently, as shown in Figure 4.3 (f), the location of the ice circles 
was closer to the tip area of the spinner and the length of the feather-like icicles were shorter 
than the glaze ice condition, as expected.  Furthermore, Figure 4.3 (g) to (l) also demonstrate 
the detail of ice accretion over the fan blades. Like the previous case, most of the ice 
accumulated at the leading edge of the blades. But this ice accumulation was translucent and 
smoother. Meanwhile, there was no obvious ice extension around the tip area of blades due to 
the faster solidification of super-cooled water droplets on the blades surface. 
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4.3.1.3 Rime ice accretion 
After the test of glaze and mixed icing condition, the icing process snapshots for 
another condition with colder air temperature and lower liquid water content (i.e., the test case 
of V∞=15 m/s, T∞= -15 ºC, LWC=0.5 g/m3) are shown in Figure 4.4.  
 
 
Figure 4.4 Time-resolution images of ice accretion process over the aero-engine fan model under a typical 
rime ice condition (V∞=15m/s, T∞=-15 ºC, LWC=0.5 g/m3, R0=2500 rpm, and J=1.8). 
 
As the super-cooled water droplets impacted on the spinner surfaces under such a cold 
condition coupled with low liquid water content, the heat transfer process would be very rapid 
to dissipate all the latent heat of fusion released during the phase changing of the impinged 
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super-cooled water droplets. The ice accretion over aero-engine fan was found to exhibit 
typical rime characteristics (i.e., with milk-white and opaque appearances), similar to those 
described in the previous studies [26,58,79]. As shown in Figure 4.4 (a) and (b), when the 
super-cooled water droplets impinged on the spinner surface, due to the immediate freezing of 
the droplets upon impact, the surface of the ice accretion was found to be relatively rough due 
to entrainment of small air bubbles between ice grains, and the accreted ice layer was found to 
conform to the spinner surface well. As time went by, more water continually impacted the 
spinner surface and froze on the spinner, the ice layer accreted over the spinner surface was 
become thicker and thicker without any water runback and ice icicle formation, as shown in 
Figure 4.4 (c) to (f). Compared with previous two cases, the feature of ice accretion over the 
fan blades showed significant difference. The milk-white and opaque ice accumulated along 
the leading edge and on the suction side of the fan blades. No ice extension was found around 
the tip area of the fan blades. However, an ice horn structure was found to grow at the root area 
of the fan blades, as clearly shown in Figure 4.4 (l) highlighted by the yellow arrow. 
Consequently, these ice horns structure could significantly block the intake air go into the core 
parts (i.e., low- pressure and high-pressure compressors), which would remarkably degrade the 
performance of aero-engine. According to previous experimental observations and 
measurement of super-cooled water droplets trajectories shown in Figure 2.12 (c), when the 
super-cooled water droplets cannot directly impact with the downstream area of the elliptical 
spinner, these extra super-cooled water droplets fly pass the spinner surface and impact with 
the root area of fan rotor directly. In other words, the local water collection efficiency at the 
root area of the fan blades was much higher than other places of the blades that resulted in ice 
horns formation. 
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4.3.1.4 Comparison of final ice features of blades 
As described above, the dynamic ice accretion process of three typical kinds of icing 
were demonstrated in detail. While the incoming flow velocity and rotation speed were kept 
constant, the liquid water content and ambient temperature were varied to investigate the 
influence of these two factors. A snapshot was taken after each icing process, and the final ice 
features of the aero-engine fan under different test conditions are shown in Figure 4.5. 
 
 
Figure 4.5 The comparison of final ice features under different icing conditions (V∞=15m/s, R0=2500 rpm, 
and J=1.8). 
 
As clearly shown in Figure 4.5, the ice structure of the aero-engine fan was highly 
dependent on the incoming flow temperature and liquid water content. Under relatively higher 
temperature and larger LWC, the ice structure was found to be exhibited glaze ice 
characteristics (i.e., transparent appearance and ice circles build up), which occupied the top 
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right area in Figure 4.5. Under relatively lower temperature and smaller LWC, the ice structure 
was found to be exhibited rime ice characteristics (i.e., milk-white and opaque), which can be 
seen at the bottom and bottom left area in Figure 4.5. 
4.3.2 Characteristics of the Pressure Change before and after the Fan Rotor 
In addition to visualize the dynamic ice accretion process over the aero-engine fan 
model, the pressure changes before and after the fan rotor during the icing process at a constant 
rotation speed (i.e., R0=2500 rpm) under different icing conditions were also measured in the 
present study. A derivate pressure difference coefficient was used to represent the aerodynamic 
performance of the aero-engine fan, which is defined by Equation (4 - 2). 
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where Ps1 and Ps2 are the static pressure before and after the fan rotor, ρair is the air density of 
the incoming flow and V∞ is the velocity of free stream. Based on this definition, if the value 
of pressure difference coefficient is positive (i.e., C∆P > 0), that means the aero-engine fan 
works functionally (e.g., generates thrust and compresses intake air). Otherwise, the aero-
engine fan just generates drag and causes separation when the pressure difference coefficient 
become negative (i.e., C∆P < 0). 
As can be seen clearly in Figure 4.6 (a), for the test case of typical glaze icing process 
with a very wet incoming airflow and warmer ambient temperature (i.e., T∞ = -5 °C, LWC = 
2.0 g/m3), the pressure difference coefficient was found to dramatically decrease during the 
icing process, which varied from about 0.1 to -0.6. As described above, since many super-
cooled water droplets were not frozen after the impingement and remained in liquid status, 
with the combined effect of aerodynamic shear force and centrifugal force, these unfrozen 
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water mass would transport over or take off from the surfaces of the spinners or fan blades. 
Very complex icicle structures were found to be formed on the aero-engine fan surface for this 
test case. Because of these highly irregular ice structure, the aerodynamic performance of the 
aero-engine fan was drastically degraded. As a result, the aerodynamic drag and the total mass 
of the aero-engine fan model would increase significantly, in comparison with the baseline 
value without any ice accretion. Similarly, for the test case of mixed icing process with very 
wet incoming airflow and moderate ambient temperature (i.e., T∞ = -10 °C, LWC = 2.0 g/m3), 
the pressure difference coefficient was found to goes down significantly during the icing 
process as well, which varied from about 0.1 to -0.48 approximately associated with about  
-700% change of the pressure difference. With shorter feather-like ice circles on the spinner 
and smoother ice accretion over the leading edge of the blades, the penalty of aerodynamic 
performance of aero-engine fan under this condition was smaller than the typical glaze ice 
condition. 
For the test cases with mixed ice accretion under moderate moisture conditions (i.e., 
T∞ = -10 ºC LWC=1.0 g/m3), as clearly shown in Figure 4.6 (b), the pressure difference 
coefficient experienced a short raise up period (i.e., from t = 20 s to t =50 s) and then started 
to decline gradually. As mentioned before, for the mixed ice accretion, a large part of water 
droplets was frozen at the initial impact and the ice was found to conform well to the 
aerodynamic profiles of the spinner and blades. As a result, an effective area of the blades 
increased a little, which benefitted the compressibility of the fan rotor. However, with continue 
water impingement, the following collected water was not frozen immediately, and then 
rougher ice accreted over the surface that damaged aerodynamic profiles. Consequently, the 
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pressure difference coefficient decreased gradually and even dropped down to negative with 
long time ice accretion and the maximum change was about -180%. 
 
  
(a) LWC=2.0 g/m3 (b) LWC=1.0 g/m3 
 
(c) LWC=0.5 g/m3 
Figure 4.6 The changes of the pressure difference coefficient during ice accretion process (V∞=15m/s, 
R0=2500 rpm, and J=1.8). 
 
For the test cases with rime ice accretion under colder and dryer condition  
(i.e., T∞ = -15 ºC, LWC=0.5 g/m3), as shown in Figure 4.6 (c), the pressure difference 
coefficient remained stable first (i.e., from t = 0 s to t = 160 s) and then grew up smoothly and 
reached another steady state (i.e., from t = 240 s to t = 360 s). As mentioned above, under the 
rime ice condition, the heat transfer process was very rapid to dissipate all the latent heat of 
fusion released during the phase change, which means the impacted super-cooled water were 
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frozen immediately and conformed well to the aero-engine spinner and blades profiles. As a 
result, an effective area of the blades increased due to the ice accumulation along the leading 
edge without large scale separation, this made the aero-engine fan rotor generated more thrust 
and compressed more air (i.e., the pressure different increased about 50%). It should be noted 
that, although this rime ice accretion could benefit the compressibility performance at first, it 
consumed more energy to maintain the constant rotation speed (e.g., R0=2500 rpm), and it 
might cause unstable operation when the ice shedding happens. 
4.3.3 Characteristics of the Power Consumption by the Aero-Engine Model 
During the icing process, the input power required to drive the aero-engine model to 
rotate at a constant rotation speed (i.e., R0=2500 rpm) under different icing conditions were 
also monitored in the present study. Since the mechanical efficiency of the electric motor was 
a constant and the rotational speed of the aero-engine was kept the same during the icing 
process, the input power and the torque of the motor were therefore linearly related, as shown 
in Equation (4 - 3): 
 P P τ ωη τ ω
η
⋅
⋅ = ⋅ ⇒ =   (4 - 3) 
where P is the input power, η is the efficiency of the motor, τ is the torque and ω is the angular 
rotation speed. 
When ice accretes on the rotation aero-engine model, the torque of the motor would 
increase dramatically due to the increasing aerodynamic drag and total moment of inertia. 
Therefore, a much greater input power might be required to keep the aero-engine model 
rotating at the same rotation speed.  
To compare the icing influence on the power consumption of the driving motor, the 
required input power under different icing conditions were normalized by their corresponding 
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baseline values without any ice accretion over the aero-engine model. The input power ratio is 
defined in Equation (4 - 4) for quantitative comparison. 
 ratio icing
no ice
P
P
P −
=   (4 - 4) 
Figure 4.7 (a) shows the required input power of the driving motor during the icing 
process under a higher LWC condition. For the typical glaze ice condition (i.e., T∞= -5 ºC, 
LWC=2.0 g/m3), after 90 seconds of ice accretion, the input power for the aero-engine fan 
model increased by a factor about 50%. The dramatic increase of input power suggested that 
much more energy was required to compensate the drag and weight increase caused by very 
complex ice accretion over the aero-engine. Consequently, instead of generating thrust and 
compressing air flow through the fan, the performance of the aero-engine fan model degraded 
greatly due to the glaze ice accretion. Relatively, under the icing condition with lower ambient 
temperature (i.e., T∞= -10 ºC and T∞= -15 ºC), after 90 seconds of ice accretion, the input power 
for the aero-engine fan model increased by a factor about 16% and 12% separately, which were 
much lower than the glaze ice condition. 
For the test cases with mixed ice accretion under moderate moisture conditions (i.e.,  
LWC=1.0 g/m3), as clearly shown in Figure 4.7 (b), the input power showed similar change 
trend under different ambient temperature. After 180 seconds of ice accretion, the input power 
for the aero-engine fan model increased by the factor about 13% to 16%. In other words, less 
power was required in these cases. 
For the test cases under lower humid conditions (i.e., LWC=0.5 g/m3), since the ice 
accretion looked more like rime ice, the surface roughness increased, and the total mass of the 
aero-engine grew as well. Therefore, the required input power was found to grow slightly to 
keep the same rotational speed of the aero-engine fan model, as revealed quantitatively in 
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Figure 4.7 (c). Still, much less power was required in these cases, more specifically, only less 
than 16% of extra input power was required after 360 seconds of ice accretion for the aero-
engine fan model. 
 
  
(a) LWC=2.0 g/m3 (b) LWC=1.0 g/m3 
 
(c) LWC=0.5 g/m3 
Figure 4.7 The changes of input power ratio during ice accretion process (V∞=15m/s, R0=2500 rpm, and 
J=1.8). 
 
In short, with ice accretion over the aero-engine fan spinner and blades, it causes more 
drag and total moment of inertia that requires more input power in varying scales. 
Consequently, the efficiency of the aero-engine fan unit decreases. 
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4.4 Conclusion 
In the present study, a comprehensive experimental study was conducted to investigate 
the transient ice accretion process over a rotating aero-engine fan. The experiments were 
performed in ISU-IRT with a scaled aero-engine fan model operated under various icing 
conditions (i.e., ranged from glaze to rime icing conditions). While a high-speed imaging 
system was used to resolve the transient details of ice accretion over the rotating aero-engine 
fan surface, the pressure change of the fan rotor and the input power required for driving a 
constant rotation of the aero-engine model were also measured. Based on the quantitative 
measurements in the present study, the detailed ice accretion features were correlated with the 
dynamic pressure change and input power data, which provided further insight of the icing 
influence on the aero-engine fan performance under different icing conditions.  
Based on the time-resolved image sequences of the icing events, it was found that under 
the glaze icing condition, the feather-like icicles accreted on the spinner surface and ice 
extension grew at the tip area of fan blades with the combined effect of aerodynamic shear 
force and centrifugal force. These complex ice structures dramatically degraded the 
aerodynamic performance of the fan unit like the pressure difference coefficient dropped about 
700%. Meanwhile, the iced aero-engine unit consumed about 50% more energy to compensate 
the extra drag and ice mass. Under the mixed ice conditions, the ice features and icing influence 
strongly depended on the combination of ambient temperature and liquid water content. The 
pressure difference coefficient dropped from 100% ~180% and the input power requirement 
increased about 13% to 16 %. Under the rime ice conditions, the ice accretion was found to 
conform the profiles of spinner and blades well, which increased the compressibility of fan 
rotor as the pressure difference coefficient raised about 50%. But this benefit is not stable 
because of potential ice shedding from the blades while consuming more energy. The ice horns 
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accreted at the root area of fan blades are also a potential hazard to the aero-engine safety 
operation and efficiency. More effective and economic icing mitigation strategies are highly 
desirable in the future study. 
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CHAPTER 5.    AN EXPLORATIVE STUDY ON UTILIZATION OF A SUPER-
HYDROPHOBIC SURFACE COATING FOR AERO-ENGINE ICING MITIGATION 
5.1 Introduction 
Aero-engine icing is still a potential hazard to the flight safety in a cold climate. In 
order to protect the aero-engine from icing influence, all the aero-engines used on commercial 
aircraft must be equipped with anti-/de-icing systems to satisfy the airworthiness requirements 
[9,28,61].   Nowadays, many anti-/de-icing techniques have been developed or applied for the 
aircraft and aero-engines [47]. Anti-icing refers to the prevention of any ice accumulation the 
airframe or aero-engine surfaced. De-icing denotes the case where removing the ice accreted 
on the surfaces. These anti-/de-icing techniques can be separated into two category including 
active and passive methods based on its mechanism [80].  
As for the active methods, they have relatively better performance and more robust, but 
the disadvantages are requiring energy input and extra space and weight on the aircraft or aero-
engines. Correspondingly, the passive methods don’t consume extra energy and the cost are 
much lower, but it may not sufficient to prevent or remove icing. Based on the definitions and 
previous studies, most of the typical anti-/de-icing techniques developed in laboratory 
environment or applied in real aircraft or aero-engines are listed in Table 5.1. 
 
Table 5.1 Typical anti-/de-icing techniques for aircraft and aero-engines. 
 Anti-icing De-icing 
Passive 
Chemicals fluid [81,82], Special coating or 
surface structure [83–87], Rubber tip of 
spinner [2], etc. 
Flexible blades, Active pitching [80], etc. 
Active Electric heating [88], Hot compressor air or hot oil [12,48,89], Plasma [12,88], etc. 
Pneumatic boots or surface deformation 
[12,90], Electric heating [91], Hot 
compressor air or hot oil [92], Ultrasonic 
[93], Plasma [88,94], etc. 
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As shown in Table 5.1, various anti-/de-icing techniques have been widely applied on 
the aircraft or aero-engines. However, since the geometry shape of the aero-engine fan blades 
are more complex than other components and the space for installing active anti-/de-icing 
system is much narrow, there are few pieces of literature address the application of active anti-
/de-icing techniques on the aero-engine fan blades. Moreover, the rotation movement of the 
aero-engine fan cause more challenges for the design of anti-/de-icing system for the fan 
blades. For these reasons, a passive and more flexible anti-icing techniques is desirable for the 
aero-engine fan icing protection. 
Inspired by the self-cleaning properties of lotus leaves [95], a bio-inspired super-
hydrophobic surface has been developed by different researchers [83,84,86,87,96,97], on 
which water droplets bead up with a larger contact angle (i.e., θCA ≥ 150°) and drip off rapidly 
when the surface is slightly inclined [83]. In addition, the anti-icing potential of these super-
hydrophobic coatings were also validated and provided promise for icing mitigation on the 
aircraft or aero-engines. 
In the present study, with the inspiration of bio-inspired super-hydrophobic surface 
coatings, one kind of commercial super-hydrophobic surface coating was utilized on the 
rotation aero-engine fan model to estimate the feasibility of anti-icing performance of super-
hydrophobic coating under different icing conditions. The experiments were performed in an 
icing research tunnel available at Iowa State University (i.e., ISU-IRT) with a scaled aero-
engine fan model under different controlled icing conditions. The dynamic ice accretion 
process on the rotating fan with and without super-hydrophobic coating were recorded, while 
the aerodynamic performance of the aero-engine fan unit was estimated as well. 
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5.2 Experimental Methodology 
5.2.1 Comparison of Surface Wettability of the Coating 
As described in the recent studies of Antonini et al. [98], Waldman et al. [77] and Liu 
et al. [99], the surface wettability of an airfoil/wing model may affect the dynamic ice accretion 
process. In the present study, two kinds of coatings, i.e., hydrophilic coating (Rustoleum, Flat 
Protective Enamel, White) and super-hydrophobic coating (Hydrobead, Hydrobead Standard 
and Hydrobead Enhancer), were applied to the aero-engine fan model to compare the influence 
of surface wettability on the ice accretion process. 
Based on the work of Waldman et al. [77], the capillary force that resists droplets 
sliding on the surface can be expressed by the combination dynamic contact angles droplet 
(i.e., advancing contact angle θadv and receding contact angle θrec) associated with the geometry 
of water and surface energy, which is shown in Equation (5 - 1): 
 ( ) ( )( )cos cos cos
2
adv rec
cap LG adv recF R
θ θ
π γ θ θ
+ ≈ − 
 
  (5 - 1) 
where R is the geometry of the water droplet, γLG is the thermodynamics of the surface 
chemistry and water. But this equation would over predict the capillary force resisting droplet 
motion according to the simplified model [77].  
In addition to the capillary force that used to estimate the force interaction between the 
water and surface, the ice adhesion strength of coating is another critical parameter to 
demonstrate the capability of ice mitigation of surface coating [100,101]. According to the 
study of Beeram et al. [101], the ice adhesion strength of those two kinds of coating were 
measured in a shear force adhesion strength facility available in the Department of Aerospace 
Engineering of Iowa State University. Therefore, the surface wettability and ice adhesion 
strength of the hydrophilic and the super-hydrophobic (SHP) coatings are listed in Table 5.2. 
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Table 5.2 The surface characteristics of hydrophilic and super-hydrophobic coatings. 
Coating Static contact 
angle θsta 
Advancing 
contact angle θadv 
Receding contact 
angle θrec 
Hysteresis 
Δθ=θadv 
Ice Adhesion 
Strength (MPa) 
Hydrophilic ~65° ~105° ~50° >50° 1.4 ±0.13 
SHP ~157° ~159° ~154° <5 0.37 ±0.09 
 
Based on the contact angle values and Equation (5 - 1), the relative capillary forces 
experience by droplets with identical spherical cap radius sitting on the hydrophilic and super-
hydrophobic coatings can be estimated, which is shown below: 
 , hydrophilic hydrophilic
, SHP
SHP
sin sin
2 2
25
sin sin
2 2
adv rec adv rec
cap
cap adv rec adv rec
F
F
θ θ θ θ
θ θ θ θ
 − +    
    
    
≈ ≈
 − +    
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  (5 - 2) 
5.2.2 Experimental Setup and Instruments 
All the experimental study was conducted in the ISU-IRT. The aero-engine fan model 
and experimental setup was same as previous study [102], and the details can be found in 
Chapter 4 Section 2.1.  
5.2.3 Icing Test Conditions 
In the present study, a set of icing test conditions, varied from typical glaze ice 
condition to rime ice condition, were selected to investigate the feasibility of anti-icing 
performance of super-hydrophobic coating on aero-engine fan unit. The icing test conditions 
for the present study are shown in Table 5.3 
Table 5.3 The icing test and engine-fan model operation conditions 
Case T∞ (°C) LWC (g/m3) t icing (s) MVD (µm) 
R0 
(rpm) V∞ (m/s) J 
1 -5°C 2.0 120 
10~50 2500 15 1.8 2 -10°C 2.0 120 
3 -10°C 1.0 240 
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5.3 Results and Discussion 
5.3.1 Dynamic Ice Accretion Process over Aero-Engine Fan Model with Different 
Coatings 
With the experimental methods described above, the time-resolved “phase-locked” 
images of the dynamic icing process over the rotating aero-engine fan model with hydrophilic 
and super-hydrophobic coatings demonstrate the ice features accreted on the rotating aero-
engine fan as a function of time.  
Figure 5.1 reveals the dynamic ice accretion process over the aero-engine fan model 
under a typical glaze ice condition (i.e., V∞= 15 m/s, LWC = 2.0 g/m3, T∞ = −5°C). As clearly 
shown in Figure 5.1 (a), the aero-engine fan model with hydrophilic coating accumulated 
apparent glaze ice including “Feather-like” icicles around the spinner and ice extension near 
the blade tip area. At the same time, the leading edge of blades also accrete transparent ice 
since this is the stagnation point with direct super-cooled water droplets impingement, and the 
suction side of the blades were covered by rough ice, which is clearly shown in Figure 5.1 (a) 
at t=120 s.  
On the contrary, as shown in Figure 5.1 (b), the ice accretion over the aero-engine fan 
model with super-hydrophobic coating was significantly less than the aero-engine fan model 
with hydrophilic coating. During the 120s icing process, there was no icicles form on the 
spinner surface and no rough ice accumulation on the suction side surface of the blades. Even 
the leading edge of the blades still accumulated water and form glaze ice structure, but the 
thickness of the ice accretion was much smaller.  
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(a). Hydrophilic coating 
 
(b). SHP coating 
Figure 5.1 Time-resolution images of ice accretion process over the aero-engine fan model with different 
coatings under a glaze ice condition (V∞=15m/s, T∞=-5 ºC, LWC=2.0 g/m3, R0=2500 rpm, and J=1.8). 
 
After the glaze ice condition test, the ice accretion over the aero-engine fan model with 
hydrophilic and super-hydrophobic coatings under a mixed ice condition (i.e., V∞ = 15m/s,  
T∞ = -10 ºC, LWC = 2.0 g/m3) was performed, which is shown in Figure 5.2. As clearly shown 
in Figure 5.2, there was apparent difference of the ice accretion over the aero-engine fan model 
between the hydrophilic coating and super-hydrophobic coating. The blades with hydrophilic 
coating accumulated semitransparent ice around the leading edge and an ice horn formed at 
the root area of the blades similar to previous study [102]. The suction side surface also 
accumulated rough ice structure and it was hard to remove this ice accretion after the icing test. 
However, with the super-hydrophobic coating treatment, less ice accumulated at the blades 
surface of aero-engine fan model. Most of the ice accreted along the leading edge and a 
relatively smaller ice horn built up at the root area of the blades, but these ice accumulation 
were thinner and smoother than the surface with hydrophilic coating. 
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(a). Hydrophilic coating 
 
(b). SHP coating 
Figure 5.2 Time-resolution images of ice accretion process over the aero-engine fan model with different 
coatings under a mixed ice condition (V∞=15m/s, T∞=-10 ºC, LWC=2.0 g/m3, R0=2500 rpm, and J=1.8). 
 
Under the rime ice condition, the dynamic ice accretion process over the aero-engine 
fan with different coatings is shown in Figure 5.3. Similar to the mixed ice condition, the ice 
mainly accumulated around the leading edge area and the suction side surface of the blades, in 
which treated with hydrophilic coating. Correspondingly, for the surface with super-
hydrophobic coating, at the early stage like t < 120s, there was no apparent ice accreted on the 
surface. But after that, the suction side surface of the blades started to accumulate small ice 
structure and the surface became rough. It should be noted that, the adhesion strength between 
these tiny ice structure and the super-hydrophobic surface is relatively small (i.e., < 0.37 MPa)  
[101]. As expected, during the icing process, the ice shedding of these surface ice accretion 
was observed and it was much easier to remove these ice accretion from the blades after the 
icing test. 
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(a). Hydrophilic coating 
 
(b). SHP coating 
Figure 5.3 Time-resolution images of ice accretion process over the aero-engine fan model with different 
coatings under a rime ice condition (V∞=15m/s, T∞=-10 ºC, LWC=1.0 g/m3, R0=2500 rpm, and J=1.8). 
 
In short, with a super-hydrophobic coating, it is able to reduce the ice accretion over 
the aero-engine fan model and the rotation movement can enhance the ice shedding due to the 
relatively lower ice adhesion strength between accreted ice and the super-hydrophobic 
surfaces. 
 
5.3.2 Characteristics of the Performance of the Fan Unit with Different Coatings 
In order to compare the influence of hydrophilic and super-hydrophobic coatings on 
the performance the aero-engine fan unit, the pressure difference coefficient and the input 
power ratio were measured during the icing process as well. With the same definitions in the 
previous study [102],  the pressure difference coefficient and input power ratio are expressed 
below: 
 2 1
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Figure 5.4 shows the variation of the pressure difference coefficient of the aero-engine 
fan model with two surface treatments under different icing conditions. Figure 5.5 shows the 
corresponding input power change of the aero-engine fan model during the icing process. 
 
  
(a). T∞=-5 ºC, LWC=2.0 g/m3 (b). T∞=-10 ºC, LWC=2.0 g/m3 
 
(C). T∞=-10 ºC, LWC=1.0 g/m3 
Figure 5.4 The changes of the pressure difference coefficient of the aero-engine fan with different 
coatings during ice accretion process (V∞=15m/s, R0=2500 rpm, and J=1.8). 
 
As clearly shown in Figure 5.4 (a), under a typical glaze ice condition, there was 
significant difference between the coating influences on aerodynamic performance of aero-
engine fan model. For the aero-engine fan model with hydrophilic coating, during the 120s 
icing process, the pressure difference coefficient dropped dramatically about 800% compare 
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with initial value without ice accretion. Correspondingly, the input power raise about 45% to 
maintain the constant rotation speed, which can be seen in Figure 5.5 (a). However, with the 
super-hydrophobic coating, the icing influence was much smaller. After 120s icing, the 
pressure difference coefficient only went down about 33% while the input power increased 
16% approximately.  
Furthermore, under a mixed ice condition like T∞ = -10 ºC, LWC = 2.0 g/m3, the 
pressure difference coefficient of the aero-engine fan with hydrophilic coating also 
experienced a 535% drop during the 120s icing process, coupled with a 13% increase of input 
power, which are shown in Figure 5.4 (b) and Figure 5.5 (b) respectively. Compared with the 
hydrophilic treatment, the aero-engine fan model with super-hydrophobic coating had a much 
better aerodynamic performance as the pressure difference coefficient only slightly declined 
about 17%.  The corresponding input power ratio remained about 1 at the first 20s, but after 
that, it grew gradually about 11%.  
Additionally, Figure 5.4 (c) and Figure 5.5 (c) show the performance change under a 
rime ice condition. As shown in Figure 5.4 (c), the pressure difference coefficient of aero-
engine fan model with hydrophilic coating dropped about 150%. On the contrary, the aero-
engine fan model with super-hydrophobic coating raised about 33% because the rime ice 
accretion over the leading edge of the blades temporarily increased the effective area of the fan 
blades. Correspondingly, under the rime ice condition, the input power ratio of the aero-engine 
fan model with these two surface treatments have a similar increasing level, i.e., ~ +10%, 
during the 120s icing process. But it should be noted that, the case with super-hydrophobic 
coating experienced an apparent hysteresis of input power change, which was similar to 
previous icing test cases.  
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(a). T∞=-5 ºC, LWC=2.0 g/m3 (b). T∞=-10 ºC, LWC=2.0 g/m3 
 
(C). T∞=-10 ºC, LWC=1.0 g/m3 
Figure 5.5 The changes of the input power ratio during ice accretion process (V∞=15m/s, R0=2500 rpm, 
and J=1.8). 
 
Related to this hysteresis of input power change, the super-hydrophobic coating 
experienced a performance degrade cause by the wettability status change. Based on previous 
studies [103–106], when the microspores of the super-hydrophobic coating surface are filled 
with the air, the surface is considered to be a well-known Cassie-Baxter state [107]. However, 
if the microspores filled with water caused by external dynamic impact or increasing 
hydrostatic pressure, the surface departing from Cassie-Baxter state to Wenzel state [108], 
which is shown in Figure 5.6. As a result, the super-hydrophobic coating fails to repel the water 
and the ice starts to accumulate on the surface. 
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Figure 5.6 The failure of super-hydrophobic coating with dynamic water impact. 
 
5.4 Conclusion 
In the present study, two kinds of commercial coatings like hydrophilic and super-
hydrophobic coatings were applied on the rotating aero-engine fan model. The feasibility of 
their anti-icing performance under different icing conditions were evaluated. 
Based on the visualization and performance measurement results, the super-
hydrophobic coating indeed prevents ice accretion over the rotating aero-engine fan model and 
significantly eliminate the icing influence on the aerodynamic performance and power 
consumption of the driving motor. These finding shows a promise potentials of super-
hydrophobic surface coating for a more effective and flexible anti-icing technique of aero-
engine.  But with the dynamic water impingement, it is easily to cause the performance drop 
of the super-hydrophobic surface coating. More robust and durable coating are also expected 
in the future studies.   
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CHAPTER 6.    EXPERIMENTAL INVESTIGATIONS OF THE HOT-AIR ANTI-
ICING SYSTEM PERFORMANCE OF AERO-ENGINE INLET GUIDE VANES 
6.1 Introduction 
Inlet guide vanes (IGV) are critical components of aero-engine that are in the front part 
of the engine (i.e., between the air intake and compressors). Since inlet guide vanes are usually 
exposed to the incoming airflow, they are susceptible to direct impingement of super-cooled 
water droplets with the consequence of possible ice accretion in cold weather. The ice accretion 
over the inlet guide vanes not only block the air passage to the compressors but also shed by 
vibration, heat, or other effects to cause foreign object damage (FOD) [1] or even be sucked 
into the core of the aero-engine, which can cause power loss issues (i.e., stall, surge or 
flameout) [2]. 
In order to avoid the potential adverse effect of ice accretion on the aero-engine 
performance, an effective anti-/de-icing system for the inlet guide vanes of aero-engine is 
highly desirable. Over the past years, many kinds of studies have been conducted for the 
development of various anti-/de-icing systems for aero-engine and optimize the performance 
of the anti-/de-icing systems. These anti-/de-icing systems mainly consist of three kinds of 
methods that include hot-air [13,14,109], hot-oil [110]  and underside heating [11,111]. 
In the early 1950s, Glahn and Blatz conducted an investigation to determine the electric 
power requirements necessary for ice protection of inlet guide vanes by continuous heating 
and by cyclical heating [11]. The effect of ambient air temperature, liquid water content (LWC), 
incoming flow velocity, heat-on period and cycle times on the power requirements for these 
two heating strategies were evaluated. The experimental results demonstrated that cyclical 
heating can provide a total power saving as high as 79% over that required for continuous 
heating. Zhu et al. did a numerical study with an improved Lagrangian approach to investigate 
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the heat and mass transfer characteristics of water droplets in an entry strut’s icing test and the 
simulation method was validated with experimental results and former calculation [110]. Then 
Dong et al. applied this modified Lagrangian approach and a coupled algorithm to predict the 
water droplet impinging characteristics and the surface temperature of the strut under icing 
conditions [112]. Meanwhile, an anti-icing experiment of the anti-icing system that utilized 
hot lubricating oil on the same aero-engine strut model was conducted in an icing tunnel. The 
computational results agreed with the experimental data from the full-scale entry strut test in 
the icing tunnel [113]. Dong et al. conducted both numerical and experimental study to 
evaluate the anti-icing characteristics of a group of engine inlet guide vanes, where the hot air 
flowed into an air cavity and blew out from the trailing edge of each vane [44,114]. The anti-
icing performance of the hot-air system under various free stream temperature and liquid water 
content conditions were evaluated, and the results showed that the hot-air anti-icing system 
was an acceptable and feasible method for inlet guide vanes icing mitigation. In addition, Dong 
et al. also investigated the characteristics of a hot-air anti-icing system of an aero-engine strut 
with CFD software Fluent and they also conducted anti-icing tests under icing conditions with 
a scaled strut model to validate the simulation results [115]. Ma et al. developed a new anti-
icing structure inside the engine inlet guide vanes that can exhaust hot-air from the air supply 
cavity to the leading-edge area, while blowing downstream area to sweep off the running back 
water and droplet impingement. Both numerical and experimental studies were conducted to 
investigate the influence of this structure on the anti-icing performance [49,116]. Tatar and 
Aras investigated the effect of exit angle of discharge hole and break edge operation on an anti-
icing static vane of a gas turbine engine, and the experimental icing test results showed that 
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the configuration without break edge provides higher anti-icing system efficiency than the 
other configurations [117]. 
 Although the hot-air systems have been demonstrated to be an optimum choice since 
these systems do not require any additional power input, like utilizing the bleed air taken from 
the compressors of the aero-engine. However, this bleed air from the core of aero-engine would 
cause the penalty of the aero-engine performance. More efficient hot-air anti-/de-icing system 
is highly desirable. 
In the present study, a comprehensive experimental investigation was conducted to 
investigate the performance a hot-air anti-/de-icing system of an aero-engine inlet guide vane. 
An electric heating hot-air anti-/de-icing system was designed and constructed first. Then the 
anti-icing tests were performed in an icing research tunnel available at Iowa State University 
(i.e., ISU-IRT in short) with an inlet guide vane model operating under different hot-air flow 
conditions. A high-speed image system [76] was used to visualize the icing and anti-icing 
process, and the embedded thermocouples were used to measure the temperature variation and 
quantify the heat flux of convection heat transfer over the ice accreting surface of the aero-
engine inlet guide vane model.  Then, based on the acquired time-resolved snapshots and 
surface temperature measurement during the anti-icing events, the capability and performance 
of the hot-air anti-icing system were characterized and discussed in detail. These results could 
provide experimental validation data for aero-engine inlet guide vane ice modeling and 
optimization design of anti-/de-icing systems. 
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6.2 Experimental Methodology 
6.2.1 Characterization of the Hot-air Heating System 
Figure 6.1 shows the schematic of the hot-air heating system. As shown clearly in 
Figure 6.1, the hot-air heating system is mainly consist of compressed air tank that provides 
dry high pressure air resource, water and particle filter, valve, air pressure regulator and gauge, 
flowmeter (OMEGA, FMA-2612 A, ±0.8% Accuracy), in-line electric heater (SYLVANIA, 6 
KW @ 220V), power unit (PAYNE Controls, Model 18DZi), microcontroller (Fuji Electric, 
Model PXF4) and a monitoring K type thermocouple. This system can supply continuously 
stable pressurized hot-air for the anti-icing test of the aero-engine inlet guide vane, and the 
desired flow rate and temperature can be achieved based on the close-loop feedback control 
method. The specification of the hot-air heating system is shown in Table 6.1 and its capability 
was characterized that shown in Figure 6.2. 
 
 
Figure 6.1 The schematic of the hot-air heating system. 
 
Table 6.1 The specification of the hot-air heating system. 
Input Voltage, 
Umax  (V) 
220 Max Input Current, Imax (A) 
27.3 Max Power, Pmax (kW) 
6 
Power Unit 
Efficiency, η 99% 
Max Flow Rate, 
Qair,max (SLPM) 
500 Max Air Pressure, Pair,max (PSIG) 
50 
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Figure 6.2 The capability of the hot-air heating system. 
 
6.2.2 Aero-engine Inlet Guide Vane Model 
In the present study, a NACA 0012 airfoil/wing model with chord length C = 152 mm 
and spanwise L = 406 mm was used as aero-engine inlet guide vane for the experimental study, 
which is shown in Figure 6.3. The IGV model was consist of three parts. The spanwise of the 
central part is S = 152 mm, and the air cavity was manufactured for anti-icing hot-air flow 
cycling inside. This part was made of aluminum 6061, and the thermal conductivity and 
specific heat of this material are kAL = 200 W/m∙K and cAL = 0.897 J/g∙K respectively [118,119]. 
The hot-air flew in and out from the model through two hollow tubes. The other two support 
parts at both sides were made of thermoplastic (i.e., Stratasys, ULTEM® 1010) with passages 
to install the two hollow tubes. 
 
Figure 6.3 The schematic of the IGV model and the location of thermocouples. 
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6.2.3 Experimental Setup and Instruments 
The experimental study was performed in ISU-IRT, the details of the icing tunnel 
specification can be found in previous chapters. Figure 6.4 shows the schematic of the 
experimental setup. During the experiments, the test model of the aero-engine inlet guide vane 
was installed in the center of the test section and the hot-air was blown in and out of the IGV 
model through two hollow tubes. 
In the present study, a high-resolution high-speed imaging system (PCO. 2000 camera 
@ maximum 2048 pixels × 2048 pixels in resolution) with a 50mm lens (Nikon, 50 mm Nikkor 
1.8D) was used to visualize the dynamic ice accretion process over the surface of the IGV 
model. A pair of 200 W Studio-LED lights (RPS Studio Light, RS-5620) were used to provide 
low-flicker illumination in order to ensure high quality of the images acquisition. Meanwhile, 
a couple of T-type thermocouples (OMEGA®, 5TC-KK-T-20-72, @ 1°C limits) were 
embedded inside the air cavity and the surface of the IGV model to measure the model 
temperature variation during icing and anti-icing tests. As clearly shown in Figure 6.3, 
thermocouple 1 (i.e., TC1) was embedded at the leading edge inside the first air cavity 
thermocouple 2 (i.e., TC2) was embedded at the backside inside the first air cavity and 
thermocouple 3 (i.e., TC3) was embedded at the backside inside the second air cavity. 
Thermocouples 4 to 12 (i.e., TC4 ~ TC12) were pasted on the upper surface of the IGV model 
from the leading edge to the trailing edge. The coordinate of these thermocouples is shown in 
Table 6.2.   
 Moreover, two T-type thermocouples (OMEGA®, 5TC-KK-T-20-72, @ 1°C limits) 
were installed at the inlet and outlet of the IGV model to monitor the temperature change of 
the anti-icing hot-air. All the thermocouples were connected to a NI CompactDAQ system with 
module NI 9213 at the acquisition rate of 1 Hz to record the temperature change during the 
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tests. Furthermore, the static pressure of the inlet and outlet of IGV model were also measured 
by the pressure scanner (Scanivalve, Model DSA®3217) with ±100 PSID pressure range and 
±0.05% F.S. static accuracy. 
 
Table 6.2 The coordinate of embed thermocouples on the IGV model. 
TC No. Location X(mm) X/C Y(mm) Y/S 
TC1 Internal 
air cavity 
6 0.04 
89 0.6 
TC2 31 0.20 
TC3 72 0.48 
TC4 
IGV surface 
0 0 
TC5 8 0.05 
TC6 15 0.10 
TC7 31 0.20 
TC8 46 0.30 
TC9 61 0.40 
TC10 72 0.50 
TC11 106 0.70 
TC12 137 0.90 
 
 
Figure 6.4 The schematic of the experimental setup used for visualization and temperature measurements 
of the icing/anti-icing test for IGV model. 
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6.2.4 Test Conditions 
In the present study, a set of icing and anti-icing test conditions were selected to 
investigate the performance of the hot-air anti-icing system. The primary parameters of 
different test cases are shown in Table 6.3. As shown in Table 6.3, the icing condition was a 
typical glaze ice condition (i.e., warm temperature and high liquid water content), which was 
kept consistent for all test cases. And the anti-icing test cases were separated to dry conditions 
and wet conditions. At the dry conditions, there was no water spray, but the hot-air was 
continually cycling to heat the IGV model. After the temperature of the model arrived at the 
steady state, the super-cooled water droplets were sprayed into the test section to impact with 
the heated IGV model, which was called wet conditions. In our experiments, the mass flow 
rate and temperature of the hot-air were adjusted appropriately to evaluate the influence of 
these two factors on the anti-icing performance of the IGV model. 
 
Table 6.3 The icing and anti-icing test conditions.  
Case No. 
Wind Tunnel Parameters Hot-air System Parameters 
V∞(m/s) 
Patm 
(Kpa) 
T∞ 
(°C) 
LWC 
(g/m3) 
MVD 
(µm) 
hot airm −   
(g/s) 
Theater 
(°C) 
1-Icing 
40 100.1 -5 
1.5 20 \ \ 
2-Dry \ \ 
4.0 
40 
2-Wet 1.5 20 40 
3-Dry \ \ 35 
3-Wet 1.5 20 35 
4-Dry \ \ 30 
4-Wet 1.5 20 30 
5-Dry \ \ 25 
5-Wet 1.5 20 25 
6-Dry \ \ 3.0 30 6-Wet 1.5 20 30 
7-Dry \ \ 2.0 30 7-Wet 1.5 20 30 
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6.3 Theoretical Analysis of the Energy Transfer Process under Dry Condition 
In this section, the energy transfer process on the IGV anti-icing system under dry 
condition will be discussed. 
 
Figure 6.5 A schematic of the energy transfer process over the IGV anti-icing system.  
 
Figure 6.5 gives a simplified energy transfer process for this IGV anti-icing system and 
the energy conservation law is applied to the selected control volume for the heating IGV 
model. For this open system, the energy transfer balance can be expressed as: 
 U KE PE E∆ + ∆ + ∆ = ∆   (6 - 1) 
Since the potential energy change ΔPE for this system is very small that can be 
neglected, only the internal energy input into the system mainly cause the net energy increase 
within the control volume. As a result, Equation (6 - 1) can be expressed as: 
 U KE E∆ + ∆ = ∆   (6 - 2) 
In the present study, when the hot-air heating system is turned on, the heated 
compressed air flows into the cavities inside the IGV model (i.e., shown in Figure 6.3) to 
increase the energy of the system. On one hand, this input energy (i.e., ,hot air inQ − ) is used to heat 
up the IGV model by forced heat convection between the hot-air flow and internal surface. 
One part of this energy transferred to the IGV model remains in the control volume to raise the 
temperature of the IGV model (i.e., storeE ),  and the other part leaves from the control volume 
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by heat convection between the IGV model surfaces and surround flow (i.e., convQ ) and by heat 
conduction between the IGV model and support parts (i.e., condQ ). On the other hand, the hot-
air flows out of the IGV model also carry part of the energy leaving from the anti-icing system 
(i.e., ,hot air outQ − ). Since the radiation (i.e., radQ ) is very small that can be neglected, the energy 
conservation equation of the anti-icing system is reduced, which is written by the instantaneous 
time rate form of the energy balance shown in Equation (6 - 3): 
 , ,hot air in hot air out conv cond store
dEQ Q Q Q E
dt− −
− − − ≈ =       (6 - 3) 
The energy input by the hot-air stream is expressed as: 
 
2
, , ,( )2
in
hot air in hot air in hot air in
VQ m h− − −= +    (6 - 4) 
where ,hot air inm −  is the mass flow rate entering the IGV system, ,hot air inh − is  the enthalpy of the 
input hot-air based on the ideal gas properties of air from the textbook of Moran & Shapiro 
[120] that is dependent on the temperature of the air, and inV is the hot-air velocity at the inlet. 
The energy output by the hot-air stream is expressed as: 
 
2
, , ,( )2
out
hot air out hot air out hot air out
VQ m h− − −= +    (6 - 5) 
where ,hot air outm −  is the mass flow rate leaving the IGV system, ,hot air outh − is the enthalpy of the 
output hot-air, and outV is the hot-air velocity at the outlet. 
The convective heat transfer occurs as the cold airflow moving over the IGV model 
surface. Based on the textbook Incropera & DeWitt [75], the rate of heat flow caused by the 
heat convection term in the energy equation can be expressed as: 
 ( )conv conv conv cv surface convQ q A h T T A∞= Φ = −      (6 - 6) 
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where convqΦ  is the heat flux of heat convection, convA  is the interface area with the surrounding 
air flow within the control volume (i.e., the total surface area of the IGV model), cvh is the 
convective heat transfer coefficient of external flow, surfaceT is the surface temperature of the 
model, and T∞ is the temperature of the incoming airflow. 
In the present study, since the surface heat convection is not uniform along the IGV 
chord-length, and it is highly dependent on the location of the IGV profile, Equation (6 - 6) 
can be written as an integral form: 
 , , , ,0 0 0
C C C
conv conv x conv x cv x x conv xQ q dA h dT dA= Φ =∫ ∫ ∫      (6 - 7) 
where ,cv xh is the local convective heat transfer coefficient of NACA 0012 airfoil along the 
chord-wise direction, which was measured by flight tests and wind tunnel tests in previous 
studies [121,122]; ,x surface xdT T T∞= − is the local temperature difference between the IGV 
model surface and the temperature of the incoming airflow, which are measured by pasted 
surface thermocouples along the chord-wise direction; ,conv xdA is the local surface area.  
When the hot-air anti-icing system reaches steady state, the net change of the energy 
stored in the control volume become to zero. By substituting Equation (6 - 4) to (6 - 7) into 
Equation (6 - 3), the energy conservation equation can be expressed as following: 
 
2 2
, , , ,
, ,0 0
( ) ( )
2 2
in out
hot air in hot air in hot air out hot air out
C C
cv x x conv x cond
V Vm h m h
h dT dA Q
− − − −+ − + ≈
+∫ ∫
 

 
  (6 - 8) 
Since this system only has one inlet and one outlet and the cross-section area of the 
inlet and out are the same, the mass flow rate and velocity of the inlet and outlet are the same 
116 
(i.e.,  , ,hot air in hot air out hot airm m m− − −= =    and in outV V=  ). Moreover, the enthalpy of the air is the 
function of the temperature. Therefore, Equation (6 - 8) can be further simplified to: 
 
, ,
, ,0 0
[ ( ) ( )]hot air hot air hot air in inlet hot air out outlet
C C
cv x x conv x cond conv cond
Q m h T h T
h dT dA Q Q Q
− − − −= − ≈
+ = +∫ ∫


  
 
  (6 - 9) 
Based on the simplified energy transfer model given in Equation (6 - 9), the energy 
input into the anti-icing system is dominated by hot-air mass flow rate and temperature, and 
the energy lost from the system is mainly dependent on the convective heat transfer and the 
conduction heat transfer.  
In the present study, the energy input by hot-air and energy output by heat convection 
will be quantified based on the mass flow rate and temperature measurement data, then the 
heat conduction term can be estimated as well.  
 
6.4 Results and Discussion 
6.4.1 Ice Accretion over IGV Model without Hot-air 
Figure 6.6 illustrates the ice accretion process over the IGV model under a typical glaze 
ice condition (i.e., V∞ = 40m/s, T∞ = -5 ºC, LWC = 1.5 g/m3) without hot-air circling. Since 
ISU-IRT was operated at the pre-setting frozen-cold temperature for at least 20 minutes to 
ensure the IGV model was cooled down to the temperature equal to the incoming flow 
temperature, i.e., Tsurface = T∞ = -5 ºC, before starting the ice accretion experiment.  
In the present study, TCi (i=1~12), was used to indicate the internal and external surface 
temperature variation during the icing process. When the IGV model reached a steady state, 
then, the super-cooled water droplets were sprayed into the icing research tunnel and mixed 
with the uniform incoming flow. Initially, as shown in Figure 6.6 (a) t = 0s, the first group of 
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super-cooled water droplets impinged the dry surfaces of the IGV model within a narrow 
region near the airfoil leading edges (i.e., mainly within the first ± 5.0% of the airfoil chord, as 
described in Papadakis et al. [32]). A strong release of latent heat of fusion was found near this 
narrow region caused by phase change of the water droplets [64,78], causing the surface 
temperature increases dramatically near the leading edge of the IGV model, which was 
indicated by the temperature raise of TC4 (X/C =0) and TC5 (X/C =0.05)  shown in Figure 6.7 
(a). At the same time, due to the relatively higher thermal conductivity of the aluminum (i.e., 
kAL=200 W/m∙K), a large portion of this released heat was quickly transferred to the solid 
substrate causing the temperature increase inside the IGV model as well, which was indicated 
by the temperature rise of TC1, TC2 and TC3 shown in Figure 6.7 (b). Since the latent heat of 
fusion release near the leading edges area was transferred into the solid substrate and the 
surrounding cool flow, little heat was remained on the surface and little water runback was 
observed on the surface during the ice accretion process. In other words, most of the impacted 
super-cooled water droplets were frozen and formed glaze ice structure around the direct 
impingement area, which can be seen from Figure 6.6 from t =60s to t =300s. As shown in 
Figure 6.6 from t =180s to t =300s, the continued water impingement on the icing surface 
caused the ice growing forward, and the surface became rough and irregular, which is 
highlighted in Figure 6.6. These ice accretion at the leading edge area would increase the 
surface friction drag and cause flow separation that decrease the aerodynamic performance of 
the IGV. Correspondingly, the surface temperature of the impacted area (i.e., around the 
leading edge) reached the steady state after about 50s, and the temperature of the rest area on 
the IGV surface sill remained the initial temperature close to the incoming flow temperature. 
As demonstrated by the time-resolution snapshots of this glaze ice accretion process, it is found 
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that the ice is easier to accrete at the direct impingement area near the leading-edge area of the 
IGV model. Consequently, the leading edge of the IGV model is the critical area that should 
be applied enough anti-icing hot-air to achieve effective ice mitigation. 
 
 
Figure 6.6 Time-resolution images of ice accretion over the IGV model without anti-icing hot-air  
(Case 1: V∞=40 m/s, T∞= -5 ºC, LWC=1.5 g/m3, No Hot-air). 
 
  
(a). Surface temperature variation (Selected) (b). Internal temperature variation 
Figure 6.7 The temperature variation during ice accretion process  
(Case 1: V∞=40 m/s, T∞= -5 ºC, LWC=1.5 g/m3, No Hot-air). 
 
6.4.2 Quantification of Energy Transfer under Dry Conditions 
In this section, the energy input rates into the anti-icing system by the hot-air flow were 
calculated by the measurement of flow rate and hot-air temperature. Also, the temperature 
distribution of the IGV model and the heat flux of surface heat convection will be discussed. 
After turning on the hot-air heating system, the temperature of the hot-air was increasing 
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gradually from the room temperature to the setting temperature gradually (i.e., Theater = 40 ºC). 
It took several minutes for the hot-air system to reach the steady state. When the whole system 
arrived at the steady state, the temperature value became stable. The inlet/outlet hot-air 
temperature, and IGV surface temperature measured by the thermocouples under different dry 
conditions are listed in Table 6.4. 
 
Table 6.4 The steady state temperature values of the system under dry conditions. 
 Hot-air Condition External (surface) Temperature 
Case 
No. 
airm   
(g/s) 
Tinlet 
(°C) 
Toutlet 
(°C) 
TC4 
(°C) 
TC5 
(°C) 
TC6 
(°C) 
TC7 
(°C) 
TC8 
(°C) 
TC9 
(°C) 
TC10 
(°C) 
TC11 
(°C) 
TC12 
(°C) 
2-Dry 
4.0 
35.1 15.9 6.1 4.0 6.7 4.6 5.3 2.4 0.7 0.8 -0.3 
3-Dry 31.0 14.2 5.4 3.5 5.8 3.9 4.5 2.0 0.5 0.6 -0.4 
4-Dry 27.6 13.0 4.2 2.8 4.9 3.2 3.5 1.4 0.1 0.1 -0.8 
5-Dry 23.7 11.4 3.1 1.6 3.4 2.0 2.2 0.4 -0.8 -0.7 -1.6 
6-Dry 3.0 26.9 12.5 1.8 0.0 2.2 0.9 1.0 -0.8 -1.8 -1.8 -2.6 
7-Dry 2.0 26.5 11.8 0.3 -1.7 1.0 -0.2 -0.1 -1.5 -2.4 -2.4 -3.0 
 
Based on the Equation (6 - 7) and the temperature values from Table 6.4, the surface 
heat fluxes at different locations along the chord-wise were calculated, which are shown in 
Figure 6.8. As clearly shown in Figure 6.8, at the stagnation point (i.e., X/C = 0), the heat flux 
is the highest, because the heat convection is very strong at this area. Along with chord-wise 
direction, the heat flux drops dramatically at the location of X/C =0.05, the heat flux is only 
about 60% of the maximum value. Then, the heat flux value trailing off smoothly to about 20% 
of the maximum value from X/C =0.1 to X/C =0.3. Also, the trends of the heat flux of these 
cases are similar, which means the local heat flux value is proportional to the hot-air 
temperature or the mass flow rate for this IGV anti-icing system. In the present study, 
, conv, max/conv xq qΦ = Φ Φ is used to represent the normalized local heat flux ratio, where conv, xqΦ is the 
local heat flux and conv, maxqΦ is the maximum value of the heat flux of each case (i.e., where the 
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maximum value is at the leading edge in this study). The normalized local heat flux ratio is 
expressed as: 
 , ,,
conv, max ,0 ,0
( )
( )
cv x surface xconv x
cv surface
h T Tq
q h T T
∞
∞
⋅ −Φ
Φ = =
Φ ⋅ −
  (6 - 10) 
The normalized local heat flux ratios at different locations were calculated and plotted 
in Figure 6.9. As clearly shown in Figure 6.9, the heat flux distribution is not dependent on the 
parameters of the anti-icing hot-air flow through the IGV model, but it is only affected by the 
external flow condition and the airfoil geometry of the IGV model.  The heat flux ratios 
distribution from the present study agreed well with previous study based on an anti-icing of 
gas-heated airfoils, which is also shown in Figure 6.9.  
 
  
(a). Hot-air with different heater temperature (b). Hot-air with different mass flow rate 
Figure 6.8 The surface heat flux distribution along the chord-wise under dry conditions. 
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(a). Hot-air with different heater temperature (b). Hot-air with different mass flow rate 
Figure 6.9 The distribution of normalized local heat flux ratios along the chord-wise under dry 
conditions. 
 
According to the calculation of the local heat flux along the chore-wise on the IGV 
model, the total rate of heat convection can be integrated, the values of each test case are listed 
in Table 6.5. In addition, based on the Equation (6 - 9) and the temperature values from Table 
6.4, the net energy input into the system caused by hot-air cycling flow are calculated as well, 
which are listed in Table 6.5. Therefore, the energy losses by heat conduction are estimated. 
 
Table 6.5 The calculation results of energy transfer at the steady state for different test cases. 
 Case No. 
2-Dry 3-Dry 4-Dry 5-Dry 6-Dry 7-Dry 
convQ (W) 45.2 42.6 38.8 32.8 27.0 20.7 
hot airQ − (W) 77.5 66.9 58.8 48.9 42.9 29.5 
cond hot air convQ Q Q−≈ −   (W) 32.3 24.3 20.0 16.1 15.9 8.8 
 
According to the calculation results shown in Table 6.5, it found that the convective 
heat transfer did play a critical role during the energy transfer process on the IGV model anti-
icing system. The heat lost from the heat convection accounted for about 60 ~ 70% of the net 
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input energy by hot-air flow. The heat conduction lost also appreciably affected the heat 
transfer process, because the larger temperature gradient between the IGV model and the 
support parts caused a stronger conduction heat transfer to carry the energy out of the system. 
Further consideration should be given on the impact of heat conduction and radiation in the 
future research work. 
6.4.3 Anti-icing Process over IGV Model with Hot-air 
6.4.3.1 The influence of the hot-air temperature on anti-icing performance 
For each case, when the surface temperatures arrived steady state as described above, 
the water was sprayed into the test section to generate super-cooled water droplets and mixed 
with the incoming flow. Figure 6.10 (a) gives a sequence of snapshots of the images acquired 
by using the high-speed camera to reveal the dynamic anti-icing process over the heated IGV 
model at Case 2. As expected, from the data shown above in Table 6.4, since the surface 
temperatures around the leading edge area of the IGV model at the steady state was much 
higher than the freezing point (i.e., T4 = 6.1 °C > 0 °C & T5 = 4.0 °C > 0 °C), there was no ice 
accretion at the leading edge area because the impacted super-cooled water droplets remained 
liquid status due to the heat transfer from the surface to the water. Then, as described by 
Waldman and Hu [58], these impacted water droplets were driven downstream by the 
aerodynamic shear force and formed water runback on the IGV surface, which can be found 
in Figure 6.10 (a) at t = 60 s. Meanwhile, the heat was taken away from the IGV model and 
absorbed by these running waters on the surface, which was indicated by the surface 
temperatures drop shown in Figure 6.11 (a). With continued water impingement, the surface 
temperatures decreased gradually because of the “heat withdraw” from the heated IGV model 
caused by continued water impingement and water runback on the surface. After about 160s 
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of water spraying process, the surface temperatures reached the steady state.  Additionally, 
during the 300s of water spraying period, the IGV model surface was free of ice accretion. In 
short, for this anti-icing case, there was no ice accretion on the whole IGV surface and the anti-
icing succeed.  
After the first anti-icing test, the heating air temperature was decreased gradually (i.e., 
Theater = 40 ºC to 25 ºC) to evaluate the influence of hot-air temperature on the anti-icing 
performance. Figure 6.10 (b) to (d) give the snapshots of anti-icing process over the heated 
IGV model from Case 3 to Case 5. As clearly shown in Figure 6.10 (b),  under the hot-air flow 
condition with airm  = 4.0 g/s and Theater = 35 ºC, similar to Case 2, when the first group of water 
droplets impacted with the heated surface, the water was heated up and remained liquid. The 
water runback and rivulets formed on the surface, and the surface temperatures also declined 
slightly and reached the steady state after 200s. Since most of the surface temperatures were 
still above the freezing point, this liquid status water was driven downstream and form rivulets 
at the downstream area, as expected. During the 300s water spraying process, no ice formation 
was observed on the IGV surface and the anti-icing process was successful too. 
In Case 4, the temperature of heating hot-air was further decreased to Theater = 30 °C. 
As shown in Figure 6.10 (c), at the early stage of this anti-icing process, the impacted water 
was kept as liquid status and ran back to the downstream area, which was like previous cases. 
But with times increasing, the surface temperatures falls slowly close to 0°C. Even for the 
surface temperatures after the location of X/C = 0.4 (i.e., TC9) went down below 0°C, which is 
clearly shown in Figure 6.11 (c). In that case, after 300 s water spraying, a little refrozen ice 
was found at the bottom right corner of the IGV model, which is highlighted at Figure 6.10 (c) 
at t=300s. This small part of ice was easily removed after the icing test and the influence on 
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the aerodynamic performance of IGV could be ignored. Therefore, the anti-icing system with 
current hot-air condition, still successfully prevented the ice accretion from the IGV surface 
but with a trend to accumulate refrozen runback water at the trailing edge area. 
 
 
(a). Case 2-Wet at airm =4.0 g/s, Theater = 40 ºC 
 
(b). Case 3-Wet at airm =4.0 g/s, Theate r= 35 ºC 
 
(c). Case 4-Wet at airm =4.0 g/s, Theater = 30ºC 
 
(d). Case 5-Wet at airm =4.0 g/s, Theater = 25 ºC 
Figure 6.10 Time-resolution images of anti-icing process over the IGV model with anti-icing hot-air 
cycling at different temperatures (V∞=40 m/s, T∞= -5 ºC, LWC=1.5 g/m3). 
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After Case 4, the temperature of the heating hot-air was set as Theater  = 25 °C to estimate 
the anti-icing performance with lower hot-air temperature. As shown in Table 6.4, at Case 5 
dry condition, when the surface temperature arrived the steady state, three local surface 
temperatures were lower than 0°C (i.e., T10 = -0.8°C, T11 = -0.7°C & T12 = -1.6°C). These lower 
temperatures indicated a risk for ice accumulation at the downstream area.  
 
  
(a). Case 2-Wet at airm =4.0 g/s, Theater = 40 ºC (b). Case 3-Wet at airm =4.0 g/s, Theater = 35 ºC 
  
(c). Case 4-Wet at airm =4.0 g/s, Theater = 30 ºC (d). Case 5-Wet at airm =4.0 g/s, Theater = 25 ºC 
Figure 6.11 The temperature variation during anti-icing process with anti-icing hot-air cycling at 
different temperatures (V∞=40 m/s, T∞= -5 ºC, LWC=1.5 g/m3). 
 
As shown in Figure 6.10 (d), after the water sprayed into the test section and impacted 
onto the IGV model, those water was not frozen immediately and still developed to water 
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runback on the surface. When the water was running downstream, however, the water was 
cooled down by the heat convection between the surface water and the surrounding cold air 
flow pass the IGV model. Consequently, the temperature of this runback water declined again, 
and this water was refrozen to form a typical glaze ice [58] around the trailing edge area (i.e., 
highlighted by the yellow dash-line triangle in Figure 6.10 (d)) before it was blow away from 
the IGV surface. In short, with this relatively cooler hot-air input into the IGV model, the anti-
icing system cannot successfully prevent the ice accretion, while the refrozen runback water 
occupied about 15% surface area of the IGV model after 300s icing process. 
 
6.4.3.2 The influence of the hot-air mass flow rate on anti-icing performance 
According to the results shown in previous section, under this typical glaze ice 
condition, when the parameters of the hot-air were set as airm =4.0 g/s and Theater = 30ºC, the 
anti-icing system was able to just keep the surface of IGV model free of ice accretion. In this 
section, in order to evaluate the influence of hot-air mass flow rate on the anti-icing 
performance, the heating temperature was kept as Theater = 30ºC but the mass flow rate of the 
hot-air was decreased to 3.0 g/s and 2.0 g/s, respectively. 
Figure 6.12 shows the anti-icing process for these two cases with different mass flow 
rate of the hot-air. As shown in Figure 6.12 (a), when the first group of super-cooled water 
droplets impacted onto the IGV model at leading edge, the water was not frozen immediately 
because the front area temperatures were higher than 0 ºC as shown in Table 6.4. This liquid 
status water was blow downstream on the surface similar to the cases shown Figure 6.10, and 
formed rivulets on the surface shown in Figure 6.12 (a) at t = 60s. However, these running 
water was cooled down quickly when it was moving downstream and it was refrozen at 
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downstream area, which can be found in Figure 6.12 (a) at t =120s and t =180s. With continued 
water impingement, the refrozen water area expanded from the trailing edge to the leading 
edge and the size of the accumulated ice became larger and larger. At the end of 300s’ water 
spraying process, about 40% surface area of the IGV model was covered by the refrozen glaze 
ice, which is highlighted by the yellow dash line in Figure 6.12 (a) at t = 300s. Therefore, the 
anti-icing system failed to mitigate the ice risk under this hot-air conditions. 
 
 
(a). Case 6-Wet at airm =3.0 g/s, Theater = 30 ºC 
 
(b). Case 7-Wet at airm =2.0 g/s, Theate r= 30 ºC 
Figure 6.12 Time-resolution images of anti-icing process over the IGV model with anti-icing hot-air 
cycling at different mass flow rate (V∞=40 m/s, T∞= -5 ºC, LWC=1.5 g/m3). 
 
After Case 6 test, the mass flow rate of the hot-air was reduced further to airm = 2.0 g/s. 
With this much less hot-air flow through the IGV model, the hot-air was not able to effectively 
raise the surface temperatures, and most of the surface temperatures (i.e., from X/C = 0.2 to 
X/C = 0.9) were lower than 0 ºC as shown in Table 6.4. Consequently, when the super-cooled 
water droplets impacted over the IGV surface, this water was hard to remain liquid status and 
128 
it was cooled down much quicker than previous cases.  This cooled down water started to from 
ice at the trailing edge and expanded to the leading edge drastically, as shown in Figure 6.12 
(b) at t = 60s and at t = 120s. After 300s’ icing process, over 60% surface area on the IGV 
model was covered by ice accumulation. This ice accumulation likely to cause flow distortion 
or separation, and even ice shedding risk for an aero-engine. 
 
 
  
(a). Case 6-Wet at airm =3.0 g/s, Theater= 30 ºC (b). Case 7-Wet at airm =2.0 g/s, Theater= 30 ºC 
Figure 6.13 The temperature variation during anti-icing process with anti-icing hot-air cycling at 
different temperature (V∞=40 m/s, T∞= -5 ºC, LWC=1.5 g/m3). 
 
6.5 Conclusion 
In the present study, a comprehensive experimental study was conducted to investigate 
the hot-air anti-icing performance of an aero-engine inlet guide vane model. An electric heating 
hot-air anti-icing system was constructed in ISU-IRT and its capability was characterized. The 
experiments were performed in ISU-IRT with a scaled aero-engine inlet guide vane with 
NACA 0012 airfoil operated under a typical glaze ice condition. While a high-speed imaging 
system was used to resolve the transient details of ice accretion and anti-icing process over the 
IGV surface, and a group of embed thermocouples was used to measure the temperature 
variation and quantify the heat transfer process under different test cases. The heating 
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temperature and mass flow rate of the anti-icing hot air were changed respectively to 
investigate the influence of these factors on the anti-icing performance. 
At first, a simplified energy transfer model was developed to demonstrate how the heat 
was transferred in and out of the anti-icing system. Then, based on the model, the net energy 
input into the IGV model, and the convective/conductive heat loss from the IGV model were 
quantified by the temperature measurement data. The results showed that the local heat flux 
value is highly dependent on the position along the chord-wise of IGV model and the trend of 
distribution of the heat flux is independent from the hot-air parameters. The leading edge is a 
critical area to apply anti-icing hot air due to its high heat flux value caused by a strong heat 
convection. These findings provide better perspectives to distribute the anti-icing hot-air on 
the IGV model. 
From the time-resolved image sequences of anti-icing events, it was found that, under 
a typical glaze ice condition, with a well-chosen anti-icing hot-air parameters (i.e., airm =4.0 
g/s, Theater = 30 ºC), the IGV model was just free of ice on the whole surface, while the surface 
water run-back and the formation of rivulets were obviously observed. With a lower 
temperature or a lower mass flow rate of the anti-icing hot-air input, though the impacted water 
remained liquid phase firstly, the runback water was easier to be refrozen into solid ice 
eventually at downstream area, and the icing area varied from 15% to 60% of the whole surface 
area. These observations demonstrate that the temperature and mass flow rate of the anti-icing 
hot-air are two critical parameters that significantly affect the anti-icing performance of the 
IGV. These results will also provide experimental validation data for the ice computational 
modeling and insights about the design or optimization of anti-/de-icing systems of the aero-
engine inlet guide vanes. 
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CHAPTER 7.    GENERAL CONCLUSION 
7.1 Major Accomplishments of the Current Research 
In the present study, an aero-engine fan icing test rig was developed to investigate icing 
physics of aero-engine components including spinners, blades and inlet guide vanes. 
Meanwhile, the feasibility of different passive and active anti-/de-icing technology for aero-
engine ice mitigation were assessed. 
An explorative experimental study was firstly conducted to compare the influence of 
spinners’ geometry shapes on the dynamic ice accretion and unsteady heat transfer process on 
three typical types to spinners like conical, coniptical and elliptical shapes. The super-cooled 
water droplet trajectories and impingement parameters of these spinners were characterized. It 
is demonstrated that the geometry shape plays a significant role in the spinner icing process 
and should be recognized during the design of anti-/de-icing system in an aero-engine. 
A comprehensive experimental investigation was performed to examine the transient 
ice accretion process over the aero-engine fan blades and the icing influence on the 
performance of aero-engine unit under different icing conditions. Meanwhile, one novel 
utilization of a bio-inspired super-hydrophobic surface coating for aero-engine ice mitigation 
was successfully assessed. It provides broader prospects for the application of passive anti-
icing technology for rotating machinery.  
An electric heating hot-air anti-/de-icing system in ISU-IRT to simulate the “bleed air” 
of an aero-engine was successfully developed. Furthermore, its performance for the inlet guide 
vane anti-icing performance under different hot-air conditions were evaluated. The study 
improves our understanding of the physics behind the anti-/de-icing process on the aero-engine 
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and provides more robust anti-/de-icing strategies to ensure safer and more efficient aero-
engine operations in cold weather.  
 
7.2 Recommendations for Future Work 
Based on the work of the present study and the accomplishments as discussed above, 
the following recommendations are made for future research: 
1) The rotation effect behind the complex icing of spinners is still needing to be 
understood well, while the influence of geometry shape on the anti-/de-icing 
efficiency of spinners is desirable. 
2) In the present study, only one kind of material was used to manufacture the 
aero-engine fan model. However, the typical materials used for existing aero-
engine components varied from advanced composite materials (i.e., Carbon-
fiber [123] or thermoplastic [124] ) to traditional metal alloy (i.e.,  titanium or 
steel alloy) associated with different thermal properties. Consequently, the 
effects of materials properties on the aero-engine icing and the anti-/de-icing 
performance could be evaluated using the current research platform. 
3) Nowadays, more and more innovative bio-inspired coatings have been 
developed, the feasibility and durability of these coating on aero-engine icing 
mitigation are desirable to provide more potential anti-icing strategies for 
aerospace engineers. 
4) The anti-icing performance of the IGV hot-air system was assessed, but the de-
icing performance of the hot-air system and the efficiency comparison with 
other electric surface heaters are also desired. 
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APPENDIX. CONFIDENCE LIMITS CALCULATION FOR ICE PROFILE 
DIGITIZING TECHNOLOGY 
In Chapter 2 Section 4.2, one kind of image digitizing technology was used to extract 
the ice accretion profile on the spinners. In order to quantify the uncertainty of this technology 
applied for ice profile extraction, the calculation of the measurement confidence limits is 
shown in this appendix. 
Before staring the icing test, a calibration was done first. Fifty images of snapshots for 
each spinner were recorded by the high-speed image systems under a no ice condition (i.e., 
V∞=15 m/s, T∞= -10 ºC, LWC=0.0 g/m3, and J=1.8). The leading edge or the boundary for each 
snapshot was detected by the image processing algorithm (i.e., the red lines) as discussed in 
Chapter 2, which are shown in Figure A.1. 
   
(a). Conical spinner (b). Coniptical spinner (c). Elliptical spinner 
Figure A.1 The fifty snapshots of the spinners’ profiles without ice accretion 
 
Based on the snapshots shown in Figure A.1, the standard deviations of the boundary 
detection form these images sequences were calculated, which are shown in Figure A.2. 
According to the standard deviations results shown in Figure A.2, the value of the standard 
deviation is varied across the locations of the spinner. For example, at the tip area (i.e., Y/Ds 
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≈ 0), the standard deviation is much lower, which are typically less than 0.1 mm. But at the 
root area (i.e., Y/Ds > 0.4), the standard deviation is larger that up to 0.35 mm. 
   
(a). Conical spinner (b). Coniptical spinner (c). Elliptical spinner 
Figure A.2 The standard deviations of the boundary detection for different spinners 
 
In the present study, in order to simplify the calculation and keep a conservative 
estimation, the system standard deviation of the profile digitizing technology was set as the 
maximum of the standard deviation from these 50 image observations, i.e., s=0.35 mm. 
As described in the textbook of Vardeman and Jobe [1], the margin of error or 
confidence level of a mean estimation is expressed below: 
 sz
n
±   (A - 1) 
where z is the statistics used to choose confidence levels, s is the sample standard deviation, 
which is 0.35 mm in the present study, and n is the sample size, which is 50 here. 
In order to choose a “99% (two-sided) confidence limits”, based on the Z-Table 
(cumulative standard normal distribution) from the textbook of Vardeman and Jobe [1], the z 
value was chosen as 2.58 based on the two-side confidence levels. Consequently, the “99% 
(two-sided) confidence limits” is 0.3599% 2.58 0.13 mm
50
sCL z
n
= ± = ± • ≈ . 
REFERENCE  
[1]. S.B. Vardeman, J.M. Jobe, S.B. Vardeman, Basic engineering data collection and analysis, 
Brooks/Cole, 2001. 
 
